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THE POTENTIAL EXISTENCE OF AMMONIA-OXIDIZING ARCHAEA IN 
WASTEWATER TREATMENT PLANTS AND THEIR RELEVANCE TO 
ENVIRONMENTAL SAMPLES 
SUMMARY 
Ammonia oxidation is critical to global nitrogen cycle and it is the first step of 
nitrification. Ammonia (NH3) is converted to nitrite (NO2) by ammonia-oxidizing 
organisms (both bacteria and archaea) and this process is often the rate-limiting step 
of nitrification. In this study we investigated the occurrence and abundance of 
Ammonia Oxidizing Archaea (AOA) in wastewater treatment plants (WWTPs) and 
various environmental samples in order to understand their role in nitrogen cycle. 
 
Actived sludge samples from 16 reactors of different domestic and industrial 
WWTPs, including petroleum and oil refineries; food, alcohol and chemical 
industries and landfill leachate treatment plant were screened for archaeal amoA gene 
occurrence by polymerase chain reaction (PCRs) analyses, and further sequencing. 
Also various environmental samples from soil/terrestrial ecosystems, thermal/hot 
springs and estuarine/tropical aquarium and fresh water/ tropical aquarium sediment 
samples were analyzed. 
 
In addition, marine and soil ammonia-oxidizing archaea enrichment cultures were 
incubated to test best growing conditions for AOA under different ammonia (NH3) 
concentrations. Growth measured by nitrite production and quantitative real time 
PCR (QPCR) experiments; also, enrichment cultures were screened by microscopy.  
Both soil and marine AOA found to grow grows best around 1mM ammonium 
concentrations, whereas above 10mM ammonia concentrations greatly retard and 
above 20mM inhibit growth. 
 
There is no molecular evidence on AOA abundance in WWTPs as it is expected. 
AOA found to be grown most efficiently at 1mM (~25mg N/L) ammonium 
concentrations. However landfill leachate treatment plant contains 100 to 200mM 
(~2500 mg N/L) ammonium, which considered as very high for the reactor to 
harbour AOA; and other reactors ranging from crude oil refinery to brewery contain 
0.2 to 0.8 mM (~5 mg N/L) ammonium, which is very low. Furthermore, sludge 
retention times of the reactors that are screened are either too high or too low for 
AOA to grow efficiently.  
 
All environmental samples were positive for archaeal amoA gene occurrence 
(soil/terrestrial ecosystems, thermal/hot springs, estuarine/tropical aquarium and 
fresh water/ tropical aquarium sediments). These data indicate that AOA is versatile 
and adapted to a broad range of growth conditions, yet their activity shall be studied. 
 
 
xviii 
Hereby we indicate that conventional parameters such as NH3 concentrations can be 
a good tool to predict AOA occurrence in engineered systems. Results indicate that 
AOA are not abundant in WWTPs, as it has been widely distributed in various 
ecological samples. 
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AMONYAĞI OKSĐTLEYEN ARKEALARIN ATIK ARITMA 
TESĐSLERĐNDE OLASI VARLIĞININ ARAŞTIRILMASI VE ÇEVRESEL 
ÖRNEKLERLE ĐLĐŞKĐLENDĐRĐLMESĐ 
ÖZET 
Ammonyağın oksidasyonu, azot döngüsü için en önemli aşamalardandır ve 
nitrifikasyonun ilk reaksiyonudur. Bu tepkime  amonyağı oksitleyen organizmalar 
tarafından amonyağın (NH3) nitrite (NO2) oksidasyonu ile gerçekleştirilir. Bu 
çalışma kapsamında azot döngüsündeki rollerinin daha iyi anlaşılması amacıyla atık 
arıtma tesislerinde (AAT) ve farklı çevresel öneklerde ammonyağı oksitleyen 
arkeaların (AOA) varlığı araştırılmıştır. 
 
Kimya, alkol, yağ, petrol,sakız, maya, bira, ve çöp sızıntı suyu atık arıtma 
tesislerinden 16 farklı aktif çamur örneği ve çevresel toprak, termal/kaynak suyu, 
tatlısu, tropikal akvaryum suyu ve çökelti örnekleri arkeal amoA gen varlığı 
açısından polimeraz zincir reaksiyonu (PZR) ve dizi analizleme yöntemleri 
kullanılarak araştırılmıştır. 
 
Bu çalışmalara ek olarak AOA ‘ların en iyi büyüdüğü amonyak (NH3) derişiminin 
tespiti için üç farklı AOA zenginleştirilmiş kültürü (toprak ve deniz arkeonları) 
inkübe edilmiştir. Büyümedeki artış nitrit ölçümleri, mikroskop ve kantitatif 
polimeraz zincir reaksiyonu (QPCR) deneyleri ile yapılmıştır. Hem toprak hemde 
deniz arkeonları en iyi ~1mM amonyum derişiminde büyümektedir; ~10mM ve 
üzerindeki derişimlerde ise büyüme büyük oranda azalmakta, ~20mM üzerinde ise 
büyüme tamamen durmaktadır. 
 
Çalışmalarımız sonucunda AAT ‘lerde AOA varlığını gösteren moleküler kanıtlara 
rastlanmamıştır. AOA’ lar en iyi 1mM amonyum derişimlerinde (~25mg N/litre) 
büyümektedir; çöp sızıntı suyu örneklerinde amonyum derişiminin 200mM (~2500 
mg N/litre) ve diğer tesislerde ise 0.2 - 0.8 mM (~5 mg N/litre) olduğu göz önüne 
alındığında konvansiyonal parametrelerin AOA büyümesi için uygun olmadığı 
anlaşılmaktadır. Bununla birlikte AOA araştırılan reaktörlerdeki çamur tutunma 
yaşının verimli büyüme için çok uzun ya da çok kısa olduğu  görülmektedir. 
 
Araştırılan tüm çevresel numune noktalarında archaeal amoA gen varlığı tespit 
edilmiştir (toprak ekosistemleri, termal/kaynak suları, tatlısu , tropik akvaryum suyu 
ve çökelti örnekleri).  Bu sonuçlar AOA’ların farklı çevresel büyüme koşullarına çok 
iyi adapte olduklarını ve yaygın bulunduklarını kanıtlamaktadır, ancak aktiviteleri 
daha fazla araştırılmalıdır. 
 
Konvansiyonel parametrelerin incelenen AAT’lerde AOA aktivite ve büyümesi 
tahmininde kullanılabileceği gösterilmektedir. Sonuçlar, AOA’ların AAT’lerde 
bulunmadığını fakat farklı çevresel örneklerde yaygın bulunduklarını göstermektedir. 
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1. INTRODUCTION 
Cultivation independent molecular surveys show ammonia-oxidizers in the domain 
Archaea is abundant in various environmental samples such as soil/terrestrial 
ecosystems [Leininger et al., 2006; Tourna et al., 2008], hot thermal springs 
[Hatzenpichler et al., 2008], marine/ocean ecosytems [Karner et al., 2001; Francis et 
al., 2007] and estuaries/fresh water bodies [Caffrey et al., 2007; Santoro et al., 2008]. 
Until recently, ammonia oxidation was considered to be performed largely by 
autotrophic ammonia oxidizing bacteria (AOB) and restricted to relatively few 
genera in ß- and γ- Proteobacteria. Increasing evidence shows that ammonia 
oxidation is also performed by ammonia oxidizing archaea (AOA) [Nicol GW., & 
Schleper C., 2006]. In addition, culture dependent surveys [Nicol GW., & Schleper 
C., 2006; Könneke et al., 2005; Torre et al., 2008] and quantitative real time PCR 
studies [Leininger et al., 2006; Xue et al., 2008; Schauss et al., 2008; Caffrey et al., 
2007] indicate that AOA is much more abundant and active than their bacterial 
counterparts. In the light of all this information, it is important to point out the role of 
AOA to global nitrogen cycle [Hu et al., 2003; Treush et al., 2005]. A further 
contribution of ammonia-oxidation is the impact on greenhouse gas emmision 
through nitrifier-denitrification mechanisms [Wrage et al., 2001] and it is also a key 
step in the removal of nitrogen during wastewater treatment [Kowalchuk et al., 
2001]. 
1.1 Aim of the study 
The aim of this study is to investigate AOA occurrence and abundance in WWTPs 
with respect to various environmental samples. 
For this purpose activated sludge samples from nitrification reactors and various 
environmental samples (soil/terrestrial ecosystems, thermal/hot springs, and 
estuarine/ sediment systems) were screened for AOA occurrence. DNA from both 
activated sludge samples, environmental samples were extracted, and polymerase 
chain reaction (PCR) is used to amplify archaeal amoA gene fragments.  
In addition, three different strains of AOA enrichment cultures were incubated and 
analyzed to determine optimal growth conditions in different ammonium 
concentrations. Nitrite measurements were performed in order to obtain growth 
 
21
curves and phase contrast/ epifluorescence microscopic analyses were made to 
observe growth. Quantification of the archaeal amoA gene copy numbers were 
screened by quantitative real time polymerase chain reaction (QPCR). 
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2.  ARCHAEA, NITROGEN CYCLE AND AMMONIA OXIDIERS 
2.1 ARCHAEA 
2.1.1 Discovery of the new domain 
Until the last decades of twentieth century, scientists were unaware of archaea, the 
one-third of living organisms on Earth. That is changed from the pioneering work of 
Carl R. Woese, who discovered the domain Archaea while working on methanogens 
[Woese et al., 1978]. Later he focused on culturing extreme halophiles and in 1980 
“The phylogeny of prokaryotes” was submitted; publishing a phylogenetic tree that 
covered all of life, and said to reveal that there were three, not two, primary lineages 
of organisms on this planet [Fox et al., 1980]. This new lineage was named 
Archaebacteria, and they were likely been living on Earth for more than three billion 
years, flourishing in all terrestrial and marine environments.    
In order to get a better understanding of natural history of Archaea (formerly 
Archaebacteria), Woese and colleagues used comparison of small subunit ribosomal 
RNA sequences (SSU rRNA) using oligonucleotide catalogues. The division of 
archaeal domain into two branches (Crenarchaeota and Euryarchaeota) was already 
established at 1990 [Woese et al., 1990] and soon in mid-1990s Barns and colleagues 
proposed a third archaeal kingdom, the Korarchaeota, hyperthermophilic archaea 
recovered from Yellowstone hot spring [Barns et al., 1996]. Early studies about 
archaea led the majority of microbiologist to conclude that: archaea originated from a 
very ancient hyperthermophilic anaerobic ancestor, probably thriving in the anoxic 
atmosphere of the primitive earth, rich in H2 and CO2.  
Although SSU rRNA sequence comparison analysis of different archaeal samples 
seemed largely settled; this method was not devoid of problems. The inability of 
SSU rRNA studies led Wolfram Zillig to use alternative molecular markers such as 
RNA polymerases in mid-1990s [Klenk & Zillig, 1994]. 
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Whole genome based approaches by genomic sequencing has provided the 
information needed to produce genome trees [Delsuc et al., 2005]. Most recently, for 
building whole genome trees structural genomics have been used on the 
presence/absence of protein folds [Yang et al., 2005]. All these studies indicated that 
Archaea is well separated from Eukarya and Bacteria; however, other well 
established features of the SSU rRNA tree are not recovered [Daubin et al., 2002].  
The apparent problem in rooted whole genome trees is due to a bias introduced by 
horizontal gene transfers (HGT) [Kennedy et al., 2001; Ma & Zeng, 2004; Ruepp et 
al., 2000). Methods used to construct whole genome trees either not able to handle 
the data correctly or do not consider this bias [Clarke et al., 2002]. In order to solve 
this problem, several authors have chosen an alternative method, i.e the simultaneous 
analysis of protein alignments [Delsuc et al., 2005] and scientists studying archaeal 
phylogeny have chosen to concentrate on the concatenation of informational 
proteins, since these are less affected by HGT [Matte-Tailliez et al., 2002; Waters et 
al., 2003]. Surprisingly, the first concatenated r-protein trees also confirmed the 
unusual results with the whole genome trees [Wolf et al., 2001]. In that case the 
problem was the Long Branch attraction (LBA). This stresses the importance of 
building unrooted trees when working within a single domain. Later unrooted 
archaeal trees that built from 53 r-proteins [Matte-Tailliez et al., 2002; Bapteste et 
al., 2005] and concatenation of RNA polymerase subunits [Brochier et al., 2004, 
2005a], recovered most evolutionary relationship previously seen in SSU rRNA 
trees. Both archaeal ribosome and RNA polymerase belong to the same 
macromolecular complex therefore the convergence between concatenated r-proteins 
and SSU rRNA trees could be assigned to similar patterns of horizontal gene transfer 
(HGT). 
2.1.2 Horizontal gene transfer (HGT) in archaeal history 
HGT between Archaea and Bacteria 
HGT from Bacteria to Archaea has shown in many studies: a well documented study 
shows that mesophilic methanogens use several bacterial enzymatic steps that allow 
using a variety of organic substrates instead of CO2 for methanogenesis [Wiezer et 
al., 2005].  
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In addition HGT from mesophilic Bacteria to Archaea have an important effect on 
the metabolic repertoire in the archaeal domain and played an important role in the 
adaptation of some Archaea to cold environments. [Lopez-Garcia et al., 2004]. 
Other phenotypic traits can also be listed as HGT from Bacteria to Archaea: aerobic 
respiration [Kennedy et al., 2001], photosynthesis based on bacteriorhodopsin, and 
ammonium oxidation. The proteins in these processes are more widely distributed in 
Bacteria than in Archaea, besides these capabilities occurred late in the history of the 
archaeal domain than bacterial.  
Recent results about the HGT analysis between Archaea and Bacteria is shown at 
Figure 2.1. It is clear that genome sizes can be indicators for HGT, genomes that 
import genes get bigger, and larger archaeal genomes have proportionally more 
bacterial genes than smaller ones.   
It is also important to stress out that there are many reasons to indicate that this 
analysis is biased, incomplete and ambiguous. In order to analyse HGT studies, these 
topics also must be in consideration: (i) that there are more bacterial than archaeal 
genomes to query, therefore basic local alignment search tool (BLAST) scores are 
more likely to find bacterial best matches for genes that are rare and patchily 
distributed among Bacteria and Archaea. (ii) that BLAST is a poor way to do 
phylogeny and it can easily produce false negatives as false positives [Koski et al., 
2001]. 
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Figure 2.1 : The bacterial gene content of archaeal genomes as reported by 
“competitive matching” analysis. Numbers above bars correspond to 
the percentage of genes in the respective genome for which a decision 
was made [Walsh et al, 2006]. 
 
HGT within Archaea 
HGT within archaeal lineages is more frequent than between domains, yet much 
harder to observe. Studies indicate that HGT has been especially considerable 
between the two thermoacidophilic lineages: Sulfolobales and Thermoplasmatales 
[Ruepp et al., 2000; Futterer et al., 2004; Ciaramella et al., 2005]. The euryarchaeon  
Picrophilus oshimae shares 35% of its genes with Pyrococcales (members of the 
Euryarchaeota), but 58% with the crenarchaeon  S. solfataricus [Futterer et al., 2004]. 
This is an evidence to show that a signiﬁcant amount of HGT happened between 
Thermoplasmatales and Sulfolobales during evolution. In this particular case, 
ecological closeness was the real factor for HGT rather than the phylogenetic 
relatedness [Futterer et al., 2004]. Another example that indicate HBT is, H subunit 
of M. kandleri RNA polymerase has been replaced by its orthologue from a relative 
of Thermoplasmatales [Brochier et al., 2004]. 
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2.1.3 Archaeal phyla 
All available evidence conﬁrms the distinctive nature of the third domain of life, 
together unravelling much of its history. The archaeal ancestor was probably an 
organism that could adapt to survive in hyperthermophilic environments. 
Methanogenesis also appeared in Archaea and followed a unique evolution, highly 
relevant on the nature of early Earth biota.  
After its discovery, the archaeal domain was divided into two major phyla, the 
Euryarchaeota and Crenarchaeota. During the past years, diverse groups of 
uncultivated archaea that have a major role in geochemical cycles have been 
discovered, and three newly found phyla are proposed, Thaumarchaeota, 
Nanoarchaeota and Korarcheota. 
2.1.3.1 The Euryarchaeota & The Crenarchaeota 
The discovery of the archaeal domain and establishing the evolutionary relationships 
were based on SSU rRNA oligonucleotide catalogues [Woese et al., 1990] and RNA 
polymerase structure analyses [Prangishvilli et al., 1982]. This studies led to the 
proposal that archaeal domain is divided into two phyla, the Euryarchaeota and the 
Crenarchaeota. The Euryarchaeota included thermoacidophiles, methanogens, 
extreme halophiles and hyperthermophiles; whereas the Crenarchaeota included 
hyperthermophiles. Genomic data [Makarova et al., 2003] and gene phylogenies that 
have been use with combined datasets have also confirmed these lineages, although 
Euryarchaeota are sometimes paraphletic (see below) [Brochier et al., 2005; Gribaldo 
et al., 2006; Daubin et al., 2002]. 
Haloarchaeales and Thermoplasmatales have odd results in most whole genome trees 
due to a bias introduced by HGT. Indeed, both these lineages contain an important 
number of genes that were recruited from Bacteria, therefore in rooted whole genome 
trees Haloarchaeales are attracted towards Bacteria and Thermoplasmatales towards 
Crenarchaeota and Bacteria [Kennedy et al., 2001].  
Figure 2.2 presents phylogenetic tree of 16S rDNA sequences of major lineages 
within the Euryarchaeota and the Crenarchaeota. 
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Figure 2.2 : Phylogenetic tree of 16S rDNA sequences. Dark triangles indicate that 
at least one cultivated species occurs, whereas triangles in light colors 
represent uncultivated species. The size of the triangles is proportional 
to the number of sequences analysed. Maximum likelihood is used for 
55 full length sequences in combination with filters excluding highly 
variable positions (ARB software package). Asterisks indicate 
lineages that contain sequences from hydrothermal vents [Schleper et 
al., 2006].  
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2.1.3.2 The Thaumarchaeota 
Thaumarchaeota, a mesophilic crenarchaeota, which is ecologically important, and 
widely distributed in oceans and soils; is an extremely diverse group considering 
crenarchaeota phylum [Ochsenreiter et al., 2003]. Molecular environmental surveys 
such as SSU rRNA sequence analyses do not contain enough phylogenetic signals to 
resolve the archaeal phylogeny and has a poor resolution for relative order of 
emergence of the lineages [Robertson et al., 2005].   
Brochier-Armanet and colleagues combined SSU and large subunit (LSU) rRNA 
sequences in order to get the number of positions that can be used for phylogenetic 
analyses [Brochier-Armanet et al., 2008 ]. Figure 2.3 shows maximum likelihood 
phylogenetic tree that is based on the concatenation of 226 SSU and LSU sequences. 
The availability of an increasing number of complete archaeal genomes let scientists 
to use other methods than SSU rRNA studies. Concatenated datasets of r- protein are 
widely used [Matte-Tailliez et al., 2002; Waters et al., 2003; Slesarev et al., 2002; 
Hallam et al., 2006]. These alternative methods helped to clarify those archaeal 
species that were fast-evolving or have a biased sequence composition [Gribaldo et 
al., 2002]. In order to avoid odd and inaccurate results Brochier-Armanet and 
colleagues also included r-protein combined sets, Figure 2.4 shows a maximum 
likelihood phylogeny of the of the archaeal domain that is based on the concatenation 
of 53 r-protein sequences[Brochier-Armanet et al., 2008 ].  
SSU/LSU rRNA and of the conserved genomic core analysis shows that mesophilic 
crenarchaeota had not evolved from hyperthermophilic crenarchaeota. Further 
analysis using r-protein concatenation tree rejects a relationship between 
hyperthermophilic crenarchaeota and favors a deeper branching before the speciation 
of hyperthermophilic crenarchaeota and Euryarchaeota [Brochier-Armanet et al., 
2008].    
Mesophilic crenarchaeota is the most abundant ammonia oxidizers in soil ecosystems 
and probably one of the most important participants in the global carbon and nitrogen 
cycles. [Schleper et al., 2005; Wuchter et al., 2006; Leininger et al., 2006] The first 
observation of nitrification in the Archaea was reported by Konneke and colleagues 
show that Candidatus Nitrosopumilus maritimus, a recently isolated mesophilic 
crenarchaeon, can grow chemolithoautotrophically by aerobically oxidizing 
ammonia to nitrite. [Konneke et al., 2005]. 
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Figure 2.3: Maximum likelihood tree based on the concatenation of 226 SSU and 
LSU sequence from Archaea and Bacteria. Sequences were aligned 
using MUSCLE. Resulting alignments were manually refined using the 
MUST package. Concatenations were performed using home-developed 
software. The maximum likelihood tree was computed by PHYML. 
[Brochier-Armanet et al., 2008].    
 
xxx
      
 
Figure 2.4: Maximum likelihood tree based on the concatenation of 53 r-proteins 
from complete archaeal genome. The tree was constructed using 
PHYML, with the Jones Thornton model of sequence evolution 
[Brochier-Armanet et al., 2008].   
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2.1.3.3 The Nanoarchaeota 
Nanoarchaeum equitans was proposed to represent a third archaeal phylum based on 
trees that were produced using concatenated r-proteins [Waters et al., 2003] and SSU 
rRNA [Huber et al., 2002]. Further studies using additional protein markers and 
subsequent analysis of r-proteins showed that this is not the earliest species in 
archaeal evolution, but is probably a fast-evolving euryarchaeal lineage that is 
probably related to Thermococcales [Brochier et al., 2005]. 
With a size of only 490,855 bp N. equitans is one of the smallest genomes today and 
has the smallest archaeal genome. In addition N. equitans is the first parasitic archaea 
to be discovered, and can not survive without its host that belongs to the genus 
Ignicoccus [Huber et al., 2002]. 
Figure 2.5 shows the phylogenetic tree based on 16S RNA sequence comparisons, 
which was published by Huber and colleagues and it presents the Nanoarchaeota as a 
new phylum in archaeal domain [Huber et al., 2002]. 
 
Figure 2.5: Phylogenetic tree based on 16S RNA sequence comparisons. The tree 
was calculated using the maximum likelihood (FastDNA) program, 
embedded in the ARB package [Huber et al., 2002]. 
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2.1.3.4 The Korarchaeota 
Korarchaeota is a recently proposed kingdom in Archaea that might have diverged 
before the lineages of Crenarchaeota and Euryarchaeota split [Barns et al., 1994, 
1996]. In addition to their phylogenetic position, their unique eukaryotic-like cellular 
features and the ability to live in extreme living conditions have raised interest 
[Garrett & Klenk, 2006; Cavicchioli, 2007]. Korarchaeota have been detected in 
several geographically isolated terrestrial and marine thermal environments 
[Auchtung et al., 2006; Takai et al., 2003; Inagaki et al., 2003; Reysenbach et al., 
2000; Hjorleifsdottir et al., 2000]. A recent study from Schleper and colleagues also 
indicated the diversity and abundance of Korarcheota in terrestrial hot springs of 
Iceland and Kamchatka [Reigstad et al., 2009].  
Stetter and colleagues study about the genome of “Candidatus Korarchaeum 
cryptofilum”, a member of Korarchaeota phylum, reveals much information about its 
metabolism, genome features and revolution. Phylogenetic analayses based on 
combined SSU/ LSU rRNA, concatenated r-protein and elongation factor 2(EF-
G/EF-2), additionally RNA polymerase (RNAP) subunit sequences are compatible 
with the notion of the Korarchaeota being a deeply branching lineage with affinity to 
the Crenarchaeota. Functions involving DNA replication/repair, cell division and 
tRNA maturation is being more typical of the Euryarchaeota, whereas proteins 
composing the ribosome and RNAP shared, primarily with crenarchaeota [Elkins et 
al., 2008]. This hybrid model that Korarchaeota has can be explained: (i) that these 
genes were vertically inherited from a common archaeal ancestor, (ii) that was 
acquired by HGT from members of Bacteria or Euryarchaeota. The recent evidence 
indicate the latter hypothesis, hence several mobile elements in the genome certainly 
suggest HGT effects [Elkins et al., 2008]. Figure 2.6 shows the maximum-likelihood 
tree made from aligned sequences of 33 universally conserved ribosomal proteins 
and the three largest RNA polymerase subunits, RpoA, RpoB, RpoD. 
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Figure 2.6: Phylogenetic analysis of Ca. K cryptofilum. Maximum-likelihood tree 
made from aligned sequences of 33 universally conserved ribosomal 
proteins and the three largest RNA polymerase subunits, RpoA, RpoB, 
RpoD [Elkines et al., 2008]. 
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2.1.4 The genome 
Archaeal genomes can be characterized by structural parameters such as genome 
size, geometry, G+C content, number of replicons, operons, origin and terminus of 
replication, repetitive sequences and synteny of genes. 
Archaeal genome sizes vary from 0.49 Mbp of the N. equitans to 5.75 Mbp of the 
most metabolically diverse M. acetivorans. It must be noted that only 24 archaeal 
genomes are compared to 256 bacterial genomes, therefore archaeal genomes reflects 
more limited size range than those of bacterial genomes, whereas bacterial genomes 
ranges from 0.58 Mbp (M. genitalium) to 9.11 Mbp  (B. japonicum).  In order to 
compare those with eukaryal genomes; the smallest eukaryal genomes are in the size 
range of 8-10 Mbp (Protozoa and fungi), whereas the sizes of the most eukaryal 
genomes range around 3000 Mbp (mammals). The smallest archaeal and bacterial 
genomes belong to organisms that are restricted to a stable environment and 
sometimes needs a host organism to survive (e.g. N. equitans, or Mycoplasma and 
Buchnera). The main component of archaeal genome consists of a single circular 
chromosome, except H. marismortui contains a second, much smaller circular 
chromosome. Archaeal extrachromosomal elements (ECEs) are circular and are 
mostly presents in methanogens and extreme halophiles. 
The average G+C content of archaeal genomes varies between 67.9% and 31.4%, 
again these results indicate the narrow sampling size of archaeal genomes compared 
to bacterial genomes (26.5% - 72.1%) 
Upstream promoter sequences in the archaeal genomes are AT-rich in order to allow 
a rigid and curved conformation that unwinds more easily [Bentley et al., 2004]. 
Regions around the archaeal termini have a tendency toward higher AT-content, 
whereas the region(s) around origin(s) of replication have higher G+C content. 
In the context of synteny, it must be pointed out that r-protein gene clusters in 
Archaea are more similar to their eukaryal homologues than to bacterial homologues. 
It is important to note that synteny is lost at a much faster rate than sequence 
similarity, [Mushegian & Koonin, 1996b; Rogozin et al., 2004] but it can be used as 
a tool to predict gene function, whereas genomes of closely related species maintain 
a high degree of synteny. 
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2.1.5 Biotechnology 
Industrial (white) biotechnology is the application of enzymes and microorganisms 
for the sustainable production of biopolymers, chemicals and also fuels from 
renewable sources. White biotechnology is offering great possibilities for the 
chemical and pharmaceutical industries. In addition, microorganisms are being used 
for bioremediation and in wastewater treatment plants. The aim of using white 
technology is to reduce waste, use energy more efficiently and decrease the usage of 
raw materials [Egorova et al., 2006].  
The global annual enzyme market has been estimated to be around 5 billion Euros 
and the majority of the white technology that has been used is derived from Bacteria 
and fungi. Archaea, on the other hand, which represent the third domain of life, have 
been used for a few applications so far. Many species of this group are able to grow 
optimally under extreme conditions and they are the source of extremozymes (stable 
enzymes). Archaea survives, and grows optimally under extreme pH and salinity, 
high and cold temperatures, high pressure, and in the presence of detergents, heavy 
metals and solvents therefore, no doubt, they are expected to be a very powerful tool 
in industrial biotransformation. Tailor-made enzymes can be used in various 
industrial applications, such as textile, pharmaceuticals, food, feed, paper, fine 
chemistry and their waste/wastewater treatment processes [Egorova et al, 2006]. 
2.1.5.1 Decontamination & bioremediation 
Archaea, growing optimally in the presence of heavy metals, toxic chemicals and 
halogenated solvents, can be used to detoxify those compounds during treatment of 
waste. For example for the biological treatment of synthetic saline wastewater, 
immobilized H. halobium cells were used and high removal efficiencies were 
obtained at salt concentrations above 4%.. 
 Extremely halophilic Archaea, such as H. mediterranei, were found to utilize crude 
oil even at high salinities, thus could be used in bioremediation of polluted sites. 
Another example is the Halobacterium sp. that degrades n-alkanes (C10–C30) in the 
presence of 30% NaCl. Haloarcula, Halobacterium, and Haloferax degrade DDT, 
trichlorophenolic or the insecticides lindane [Egorova et al., 2006].  
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In case of textile wastewater treatment the use of halophilic microorganisms for 
biodegradation of the segregated dye bath has been reported [Oren, 2002]. The 
hyperthermophilic anaerobic archaeon F. placidus oxidizes aromatic compounds 
with the reduction of Fe3+, hence can be used to aid in the extraction of organic 
contaminants that are trapped in sediments when the heat treatment is employed 
[Egorova et al., 2006]. 
It is clear that the use of the modern methods of genetic engineering, improved 
information about the structure and function of archaea will help for further 
adaptation to industrial needs, novel applications, and better protection of the 
environment. 
2.2 Nitrogen 
2.2.1 Global nitrogen cycle 
All organisms require nitrogen (N) as a fundamental component. It is in short supply 
form that can be assimilated by organisms in both land and marine ecosystem. Only 
less than 2% of all N on earth is available to organisms, while the remaining is exists 
as a triple-bonded N2 (~78%) in the atmosphere or tied up to sedimentary rocks 
(~20%), thus a source of energy is required to convert N2 reactive N, that can be used 
by organisms [Mackenzie, 1998]. As a result, nitrogen has an essential role in 
controlling primary production on Earth. 
Natural world has its ways to convert N2 to reactive N either by lightning (3-5 Tg 
N/year)or by terrestrial biologic nitrogen fixation (BNF) (~110 Tg N/year) 
[Galloway et al., 1995]. Marine ecosystems also fix N (~140 Tg N/year) [Gruber N. 
& Galloway J., 2008] There is a limited number of species both in the Bacterial and 
Archaeal domain that can convert N2 to reactive N, and even though these species are 
wide spread and use N efficiently, in many ecosystems N is the limiting element 
[Galloway et al., 2004]. 
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Over the past century nitrogen production is increased by humans by using 
nitrogenous plant fertilizers that have been produced by the industrial processes (also 
known as the Haber-Bosch process). In 1990s, both the nitrogen that is used in food 
production and the nitrogen emitted to the atmosphere during fossil-fuel combustion 
amounted more than 160 Tg N/year. Considering the BNF on land or in the ocean, 
the addition of 160 Tg N/year by is therefore nearly doubling the amount of N in 
global cycles [Gruber N. & Galloway J., 2008]. 
The negative affects of these nitrogen additions can be listed as eutrophication of 
terrestrial and aquatic systems, stratospheric ozone loss [Galloway et al., 2003] and 
global acidification. Other cycles of many other elements have been altered by 
humans as well, most notably: phosphorus, sulphur and carbon [Falkowski et al., 
2000]. It is important to note that many of these cycles are linked to each other, 
mostly atmosphere. Figure 2.7 shows global nitrogen cycle on land and in the ocean. 
Reactive N influences both processes in the atmosphere, in terrestrial ecosystems, 
and in freshwater and marine aquatic ecosystems (Vitousek et al., 1997; Aber et al., 
1998; Rabalais 2002; Tartowski & Howarth, 2000). 
2.2.2. Physical properties of inorganic N compounds 
N is a group 5B element with oxidation states from -3 to +5. In each oxidation state 
the nitrogen atom combines with atoms of hydrogen, oxygen and nitrogen. In this 
way at least one unique inorganic molecule exists per oxidation state (table 2.1). 
Although some of these molecules are thermodynamically more stable than others, 
all oxidation states are possible in aqueous systems, because the oxidation state of N 
in a given environment is controlled by kinetics (the activation energy of the N-
compound is high), and not controlled by thermodynamic equilibrium [Williams et 
al., 1996].   
Although the bulk of N on this globe is present in the solid state, its concentration 
there does not exceed the ppm range. In the atmosphere, nitrogen gas (79% vol. N2) 
is the most important nitrogen source available to biology [Brock et al., 1997; 
Williams et al., 1996].   
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From a microbiological point of view, the nitrogen cycle is made up of five catabolic 
reactions (nitrification, nitratification, denitrification, anammox and dissimilatory 
nitrate reduction), three anabolic reactions (ammonium uptake, assimilatory nitrate 
reduction and nitrogen fixation), and ammonification (a necessary result of the 
biological food chain) [Brock et al., 1997] 
2.2.3 Nitrification 
Nitrification process includes ammonia oxidation to convert ammonia (NH3) to 
nitrite (Table 2.2) (NO2
-) by ammonia oxidizing organisms and nitrite oxidation to 
convert nitrite to nitrate (NO3
-) by nitrite-oxidizing organisms (Fig. 2.8).As nitrogen 
is an essential element for living organisms, ammonia oxidation is often the rare-
limiting step of nitrification in a wide variety of environments (see 2.2.1).  
While ammonia-oxidizing bacteria (AOB) are considered critical in nitrification, 
recently  many studies demonstrate that members of the kingdom Crenarchaeota and 
Thaumarchaeota within the archaeal domain also play an important role in 
nitrification in soils and aquatic systems, maybe more important than their bacterial 
counterparts  [Tourna et al., 2008; Könneke et al., 2005; Hansel et al., 2008].  
2.2.4 Denitrification 
Denitrification is a respiratory process whereby nitrate is successfully reduced to 
nitrite, NO, N2O and finally to N2. Denitrifiers and dissimilatory nitrate reducers use 
nitrate or nitrite as the electron acceptor for the oxidation of (in)organic substrates, 
thereby producing gaseous nitrogen compounds and ammonium, respectively. Due to 
their thermodynamic properties (Table 2.2) and their high solubility, nitrite, nitrate 
and even nitrous oxide make very good electron acceptors – only a little less 
favourable compared to oxygen [Strous et al., 2009]. Many bacteria are at least 
facultative denitrifiers and denitrification is not limited to specific microbial phyla 
like nitrification. 
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Table 2.1 Physical properties of inorganic nitrogen compounds [Strous et al., 2000]. 
        Compound         Formula Oxidation state N ∆Gf
0I (kJ/mol) 
Ammonium NH4
+ -3 -79.4 
Hydrazine N2H4(aq) -2 128.5 
Hydroxylamine NH2OH (aq) -1 -22.9 
Dinitrogen gas N2 0 0 
Nitrous oxide N2O (g) +1 104.6 
Nitric oxide NO (g) +2 86.9 
Nitrite NO2
- +3 -37.4 
Nitric dioxide NO2 (g) +4 21.5 
Nitrate NO3
- +5 -111.7 
 
 
 
Figure 2.7: Schematic of microbial nitrogen cycle [You et al., 2008]. 
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Table 2.2: The enzymes of the nitrogen cycle and the reactions that theyt catalyse. 
Reactions are shown as the redox half reactions where the enzyme itself 
acts as the primary electron acceptor or donor (ezcept for the reaction 
catalysed by Hydrazine hydrolase). Free energy change of reactions at 
physiological conditions (30oC, pH 7) with ∆GoI f (H2O) =-237 kJ/mol 
and ∆GoI f (H
+)=-39.9 kJ/mol 
 
Figure 2.8: Depiction of global nitrogen cycle on land and in the ocean. [Gruber N. 
& Galloway N., 2008] 
 Enzyme Reaction ∆GoI 
(kJ/mol) 
Nitrification Ammonia monooxygenase NH4 
+ + O2 + H
+ + 2e- = NH2OH + H2O -140.6 
 Hydrozylamine oxidoreductase NH2OH + H2O  = NO2
-  + 2H+ + 2e- 22.5 
Nitratification Nitrite oxidoreductase NO2
- + H2O = NO3
- + 2H+ + 2e- 83.3 
Anammox Hydrazine hydrolase NH4 
+ + NH2OH = N2H4 + H2O +H
+ -46.1 
 Hydrazine oxidoreductase N2H4 
 = N2 + 4H
+ + 4e- -288.1 
 Hydrozylamine oxidoreductase NO2
-
 +5H
+ + 4e- = NH2OH + H2O -22.5 
Denitrification Nitrate reductase NO3
- + H+ + 2e- = NO2
- + H2O -82.9 
Dissimilatory Nitrite reductase NO2
- + 2H+ + e- = NO + H2O -32.9 
Nitrate reduction Nitric oxide reductase 2NO +2H
+ + 2e- = N2O + H2O -226.4 
 Nitrous oxide reductase N2O
 + 2H+ + 2e- = N2 + H2O -261.8 
 Dissimilatory nitrite reductase NO2
-+ 8H+ + 6e- = NH4
+ + 2H2O -436 
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2.3 Nitrification and Denitrification in the Activated Sludge Process 
2.3.1 Nitrogen: Environmental and wastewater concerns 
The presence of nitrogenous or nitrogen-containing wastes in the final effluent of an 
activated sludge process can adversely impact or pollute the quality of the receiving 
water; these pollutants can be listed as: ammonium ions (NH4
+), nitrite ions (NO2
-) 
and nitrate ions (NO3
-). Pollution concerns related to these wastes are listed at Table 
2.3. 
To reduce the adverse effects and lower the quantity nitrogenous wastes, an activated 
sludge process is usually required in treatment plants. Indeed the activated sludge 
processes have to nitrify and denitrify the wastes that contain nitrogenous wastes. 
Ammonia discharge limit is usually issued at nitrification process whereas total 
nitrogen or total kjeldahl nitrogen (TKN) discharge limit is issued at denitrification 
process [Gerardi, MH. 2002]. 
2.3.2 Dissolved oxygen depletion 
Dissolved oxygen is depleted by microbial activity if the discharged nitrogenous 
wastes merge to the receiving water [Gerardi, MH. 2002]. 
2.3.3 Toxicity 
All three (NH4
+, NO2
-, NO3
-) nitrogenous ions can be toxicity to aquatic life, 
especially to fish. Nitrite ions are the most toxic, yet both ammonium ions and 
nitrate ions are extremely toxic as well. Ammonium ions are converted to ammonia 
with increasing pH becomes toxic [Gerardi, MH. 2002]. 
2.3.4 Eutrophication 
Eutrophication refers to the discharge of plant nutrients, mostly nitrogen and 
phosphorus. Although phosphates (PO4
2-) are the primary source of this problem, 
nitrogenous wastes also contribute significantly. The rapid growth or blooms of 
aquatic plants (including algae) is the undesired affects of eutrophication. These 
plants do not decompose and results in the rapid aging of the bodies of freshwater. 
In addition eutrophication also results in water pollution problems, such as the 
clogging of receiving water, the production of color, odor, taste and turbidity 
[Gerardi, MH. 2002]. 
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2.3.5 Methemoglobinemia 
An infant, who consumes groundwater that is contaminated with nitrate ions can get 
Methemoglobinemia. The presence of these ions prevents haemoglobin from 
obtaining oxygen as it passes through the infant’s lungs [Gerardi, MH. 2002]. 
Table 2.3: Pollution concerns related to excess NH4
+, NO2
- and NO3
- concentrations 
Nitrogenous Ion Pollution Concerns 
NH4
+ Overabundant growth of aquatic plants 
Dissolved oxygen depletion, Toxicity as NH3 
NO2
- Overabundant growth of aquatic plants 
Dissolved oxygen depletion, Toxicity 
NO3
- Overabundant growth of aquatic plants 
Dissolved oxygen depletion, Toxicity 
Methemoglobinemia 
 
2.3.6 The activated sludge process 
The activated sludge process is the most commonly used treatment system of 
municipal wastewater, and so far it is the most versatile and effective of all 
wastewater treatment processes. The process contains of at least one clarifier and one 
aeration tank, and microorganism is being used for the treatment of wastes. 
The aeration tank is used as an amplifier of large numbers of bacteria and it is used 
as a biological reactor; it is provided with carbonaceous, nitrogen wastes and 
dissolved oxygen. The degradation of the wastes by bacteria results in the growth of 
the bacterial population. 
Sediment tank or a clarifier is also placed upstream of the process. The clarifier is 
used to remove floating materials such as greases, heavy solids, and oils that settle to 
the bottom. 
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Biochemical oxygen demand (BOD) is the term that is used to indicate the substrates 
that are degraded by bacteria (or archaea) used to obtain carbon and energy. The 
BOD is the amount of dissolved oxygen measured in milligrams per liter (mg/l) 
required by the organisms to oxidize the wastes to simple inorganic compounds and 
more bacterial mass [Gerardi, MH. 2002].  
2.3.7 Inhibition and toxicity 
Inhibition may occur in several forms during nitrification (Table 2.4). Inhibition is a 
short-term or long-term loss of enzyme activity and it is temporary; on the other hand 
toxicity is permanent loss of enzymatic activity or irreversible damage to cellular 
damage and cell death. Due to the relatively small amount of energy available for 
acclimation, nitrifiers are sensitive to very low concentrations of inorganic wastes 
(Table 2.5) and organic wastes (Table 2.5) [Gerardi, MH. 2002]. 
Table 2.4: Forms of Inhibition or toxicity 
Forms of Inhibition or toxicity Description or Example 
Free chlorine residual Chlorination of RAS and effluent 
Inorganic Heavy metals and cyanide 
Organic Industrial wastes, e.g., phenol 
pH <5.0 
Substrate Free ammonia and free nitrous acid 
Sunlight UV radiation 
Temperature <5oC 
Table 2.5: Inhibitory threshold concentrations of some inorganic wastes 
Inorganic Waste Concentration, mg/l 
Chromium, 0.05, 
Cyanide 0.50 
Mercury, Nickel, Silver, Chromium, zinc 0.25 
Sulfate 500 
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Table 2.6: Inhibitory threshold concentrations of some organic wastes 
Organic Waste Concentration, mg/l 
Allyl alcohol 20.0 
Aniline 8.0 
Chloroform 18.0 
Mercaptobenzothiazole 3.0 
Phenol 6.0 
skatol 7.0 
Thioacetamide 0.5 
Thiourea 0.1 
 
2.3.8 Temperature 
Of all the factors that affect nitrification, temperature has the most significant 
influence on growth of nitrifiers; therefore it has the most important affect on the rate 
of nitrification (Table 2.7) [Gerardi, MH. 2002]. 
Table 2.7: Temperature and nitrification 
Temperature Effect upon Nitrification 
> 45oC Nitrification Ceases 
28o to 32o C Optimal temperature range 
16o C Approximately 50% of nitrification at 30oC 
10o C Approximately 20% of nitrification at 30oC 
<5o C Nitrification Ceases 
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2.3.9 Alkalinity and pH 
Wastewater is normally alkaline because of the infiltrated groundwater, discharged 
chemical compounds, and potable water supplies.  
In activated sludge process during nitrification alkalinity is lost because of 
microorganisms use alkalinity as a carbon source and both the production of 
hydrogen ions (H+) and nitrite ions increase acidity. H+ ions are produced when 
ammonium ions are oxidized to nitrite ions; in addition nitrous acid is also produced.  
As alkalinity is lost in activated sludge process during nitrification, significant 
decrease occurs in microbial activity. pH below 6.7 decreases nitrification [Gerardi, 
MH. 2002]. 
2.3.10 BOD 
There are many substrates that enter an activated sludge process that provides carbon 
and energy for cellular activity, growth and reproduction. The strength of each 
substrate is measured as milligrams per liter of biochemical oxygen demand (Table 
2.8). 
Substrates immediately available consist of soluble cBOD. This type of BOD passes 
quickly passes quickly through the cell wall and membrane and quickly degraded. 
Dorms of soluble cBOD can be listed as simple acids, alcohols and sugars (Table 
2.9) [Gerardi, MH. 2002]. 
         Table 2.8: The types of biochemical oxygen demand 
Type Acronym 
Total tBOD 
Particule pBOD 
Soluble sBOD 
Carbonaceous cBOD 
Nitrogenous nBOD 
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Table 2.9: Examples of Recognizable soluble cBOD 
cBOD Number of carbon units 
Methanol 1 
Methylamine 1 
Ethanole 2 
n-Propanol 3 
i-Propanol 3 
n-Butanol 4 
t-Butanol 4 
Ethyl acetate 4 
Aminoethanol 2 
 
2.3.11 Dissolved Oxygen 
Although all microorganisms require water, only a few actually require dissolved 
oxygen. Oxygen is not highly soluble in water; therefore most prokaryotes are 
capable of using a molecule other than dissolved oxygen for the degradation of 
substrate. 
Strict aerobes use only free molecular oxygen, while facultative anaerobes use free 
molecular oxygen for aerobic respiration or in absence, some other molecule like 
nitrite or nitrate ions for anaerobic respiration. In addition many facultative 
anaerobes are also ferment. 
There are three major purposes for using oxygen in aeration tank: (i) that the 
oxidation of cBOD to provide carbon and energy for cellular activity, (ii) that 
oxidation of cBOD to provide energy for endogenous respiration, (iii) that oxidation 
of nBOD or nitrification.  
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Dissolved oxygen (DO) concentration is one of the most important requirements in 
nitrification process, and the optimum DO concentration in activated sludge systems 
is between 2 to 3 mg/l. The problem is many systems are over aerated to achieve 
nitrification [Gerardi, MH. 2002]. 
2.4 Ammonia oxidation 
2.4.1 Ammonia oxidation overview  
Ammonia oxidation is critical to global nitrogen cycle and it is the first step of 
nitrification. Ammonia (NH3) is converted to nitrite (NO2
-) by ammonia-oxidizing 
organisms and this process is often the rate-limiting step of nitrification [Hu et al., 
2003]. Through nitrification ammonia is converted to nitrate both by autotrophic 
ammonia- and nitrite-oxidizers (Figure 2.9). In addition organic and inorganic 
nitrogen can be oxidized heterotrophically by Fungi and heterotrophic bacteria 
[Prosser et al., 2002]. Ammonia oxidation is also a key step in the removal of 
nitrogen during wastewater treatment [Kowalchuk et al., 2001]. A further 
contribution of ammonia oxidation is the impact on greenhouse gas emission through 
nitrifier- denitrification mechanisms [Wrage et al., 2001]. 
 
 
Figure 2.9 : Autotrophic ammonia oxidation during nitrification. Ammonia-
oxidizing organisms convert ammonia to nitrite through 
hydroxylamine using ammonia monooxygenase (AMO) and 
hydroxylamine oxidoreductase (HAO). Autotrophic nitrite oxidizers 
subsequently use the enzyme nitrite oxidoreductase (NOR) to 
convert nitrite to nitrate, which can be assimilated or subjected to 
denitrification processes. In anaerobic environments, ammonia can 
be converted to N2 by the ‘anammox’ process [Nicol GW., & 
Schleper C., 2006]. 
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2.4.2 Ammonia-oxidizers 
Until recently, ammonia oxidation was considered to be performed largely by 
autotrophic ammonia oxidizing bacteria (AOB) and restricted to relatively few 
genera in ß- and γ- Proteobacteria. Increasing evidence shows that ammonia 
oxidation is also performed by ammonia oxidizing archaea (AOA) (Figure 2.10) 
 
 
Figure 2.10: Phylogenetic tree showing the relationship of amoA-pmoA in α-, ß- and 
γ- proteobacterial sub-divisions to crenarchaeal amoA sequences 
derived from marine (blue) ,sediment(purple) and soil (brown) [Nicol 
GW., & Schleper C., 2006]. 
 
2.4.2.1 Ammonia-oxidizing bacteria AOB 
AOB utilizes reduced form of N as an energy source, CO2 as a carbon source, and O2 
as an electron acceptor. These autotrophic bacteria is commonly belongs to the ßeta- 
and Gammaproteobacteria, including Nitrococcus (Gamma), Nitrosopira (Beta) and 
Nitrosomonas (Beta) [Madigan et al., 2000]. Both Nitrosomonas/Nitrosospira 
species dominate the engineered and natural systems through the studies based on 
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amoA gene sequences and 16S rDNA [Whitby et al., 1999; Nold et al., 2000; Park et 
al., 2002]. 
In addition, recently found anaerobic AOB contribute to N cycle, anammox bacteria 
use nitrite as the electron acceptor, which results in N2 production [Strous et al., 
1999]. It is indicated that anammox process in the environment is highly active in N-
containing anoxic ecosystems [Francis et al., 2007]. 
2.4.2.2 Ammonia oxidizing archaea 
AOA overview 
Recent surveys show that Crenarchaeota are widely distrusted and abundant on the 
planet to perform ammonia oxidation. Mesophilic Crenarchaea (Thaumarchaeota) 
can account up to 40% of the bacterioplankton in deep ocean waters [Könneke et al., 
2005]. 
Molecular studies indicate the presence of AOA in various environmental samples: 
soil/terrestrial ecosystems [Leininger et al., 2006; Tourna et al., 2008], hot/thermal 
springs [Hatzenpichler et al., 2008], marine/ocean ecosystems [Karner et al., 2001; 
Francis et al., 2007], estuaries/fresh water bodies [Caffrey et al., 2007; Santoro et al., 
2008] 
Thermophilic AOA from hot/thermal springs 
Candidatus “Nitrososphaera gargensis” are enriched by Hatzenpichler and 
coworkers from a moderately thermophilic (46oC). Catalyzed reporter deposition-
fluorescent in situ hybridization (CARD-FISH) coupled with microautoradiography 
(MAR) were used during this study. Results indicate that AOA are highly active at 
NH4
+ concentration below 0.79 mM, while partially inhibited at 3.08 mM 
[Hatzenpichler et al., 2008]. 
Recent studies shows the presence of abundant archaeal amoA gene with a 
temperature range of 82-97oC and a pH range 2.5-7 in terrestrial hot springs of 
Iceland and Kamchatka [Reigstad et al., 2008]. De la Torre and colleagues cultivated 
a new thermophilic and autotrophic crenarchaeota (Candidatus “Nitrosocaldus 
yellowstonii), which can make aerobic ammonia oxidation up to 74oC.  
AOA in Marine and estuarine systems 
Crenarchaeota and Euryarchaeota comprise ~40% of total marine prokaryotes 
[Massana et al., 2000; Karner et al., 2001; Herndl et al., 2005]. Herndll and 
 
l
colleagues showed that archaea is more abundant than bacteria below a 100-m depth 
in the Atlantic Ocean [Herndll et al., 2005].  
Ammonia oxidation surveys that compare the number of bacterial and archaeal amoA 
genes in marine ecosystems shows that mesophilic Crenarchaea (Thaumarchaeota) 
are up to 3 orders of magnitude higher than their bacterial counterparts [Ingalls et al., 
2006; Wuchter et al., 2006].  
Although dissolved oxygen (DO) requirements and tolerances vary among archaea, 
recent evidence convince that the autotrophic metabolism of Candidatus “N. 
maritimus” suggests that nitrifying marine Crenarchaea are important to global 
nitrogen and carbon cycles [Zehr & Wand, 2002; Könneke et al., 2005] 
In addition to the abundance of AOA in the deep ocean, Caffrey and coworkers 
examined and concluded that AOA amoA genes are more abundant than AOB amoA 
genes in the sediment of estuaries/fresh waters [Caffrey et al., 2007]. Factors 
affecting the potential nitrification rate include temperature, salinity, DO, sulfide and 
NH4
+ concentrations and light [Caffrey et al., 2007; Santoro et al., 2008]. 
Crenarchaeal amoA is ~10 times more abundant than bacterial amoA at the low-
oxygen fresh and brackish stations [Santoro et al., 2008], and the nitrification rate is 
the highest at the sites with low salinity and low DO concentrations and high 
abundance of AOA [Caffrey et al., 2007]. 
AOA in soil/terrestrial ecosystems 
Recently, different studies indicate the fact that archaeal amoA gene is predominant 
in soils with ratios of archaeal to bacterial ranging from 17 to 1600 [Adair & 
Schwartz, 2008]. Leininger and colleagues also showed that in pristine and 
agricultural soils archaeal amoA genes are up to 3000-fold more abundant their 
bacterial counterparts [Leininger et al., 2006]. 
Soil properties and environmental conditions, including oxygen concentration, water 
content, nutrient availability, soil pH, particle size and organic carbon content affect 
the diversity and abundance of AOA [He et al., 2007; Nicol et al., 2003]. 
Temperature changes the community structure of archaeal ammonia oxidizers 
[Tourna et al., 2008]. 
AOA in engineered systems 
First archaeal amoA sequence isolated from an engineered system was in a marine 
filtration system, where the phylogenetic diversity and species richness of AOA are 
greater than those of AOB. Low temperatures significantly reduce the diversity of 
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AOA and of AOB in the filtration system. Therefore temperature is an important 
factor controlling the growth and diversity of AOA in engineered systems [Urakawa 
et al., 2008]. 
Park and coworkers investigated the presence of AOA in nitrifying wastewater 
treatment bioreactors. The sequences obtained from activated sludge samples were 
closely related to those obtained from sediments and soils. The results indicated that 
AOA presence is appears to be dependent upon oxygen concentration and solids 
retention time (SRT) in WWTPs. Low DO concentrations and long SRTs are seem to 
favor AOA presence, yet there may be other factors controlling the presence of AOA 
[Park et al., 2006]. 
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3. MATERIALS AND METHODS 
3.1 Materials and equipment 
3.1.1 Equipment 
The laboratory equipment used during this study is listed in Appendix A 
3.1.2 Buffers, reagents and enzymes 
The compounds and enzymes used during this study are listed in Appendix B; the 
recipes of buffers used in the experiments are given in Appendix C. 
 
3.2 Methods 
Two parallel studies were performed during this study to investigate AOA 
occurrence in both WWTPs and various environmental samples; (1) Activated sludge 
Samples from WWTPs reactors were screened for AOA occurrence; (2) Various 
environmental samples (soil/terrestrial ecosystems, thermal/hot springs, aquarium 
systems and freshwater/sediment bodies) were screened for AOA occurrence. 
In addition, three different strains of AOA enrichment cultures were incubated and 
analyzed for their optimal growth conditions in different ammonium concentrations.  
In order to achieve the objectives of these studies various molecular biological 
methods were used (see below). 
3.2.1 Sampling 
3.2.1.1 Samples from WWTPs 
Activated sludge samples were collected from 14 WWTPs (16 nitrification reactors) 
(Table 3.1), where nitrification was active. Three 20 ml samples were taken from 
each reactor, kept at cold chain (4oC - 8oC) until process and DNA extractions were 
carried out within 2h after sampling.  In two treatment plants, samples were taken 
from each reactor to analyze a detailed community structure for AOA occurrence. 
The detailed schematic structure of both the brewery wastewater treatment plant 
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(Figure 3.1) and leachate treatment plant (Figure 3.2) is shown below. 12 sampling 
points were chosen from a brewery wastewater treatment plant whereas 8 sampling 
points were selected from a leachate treatment plant (Table 3.2). 
 
Table 3.1: Description of 16 anaerobic reactors screened for Archaeal amoA genes 
 Location Reactor Sample Type 
Aquarium Kusadasi 
Turkey 
Full tank Water sample 
Beer production Istanbul 
Turkey 
Nitrification reactor Activated sludge sample 
Raki production Tekirdag 
Turkey 
Nitrification reactor Activated sludge sample 
Paper raw material Istanbul 
Turkey 
Nitrification reactor Activated sludge sample 
Petrolium rafinery Kirikkale 
Turkey 
Nitrification reactor Activated sludge sample 
Beer production Ankara 
Turkey 
Nitrification reactor Activated sludge sample 
Iski digester Istanbul 
Turkey 
Nitrification reactor Activated sludge sample 
Gum Istanbul  
Turkey 
Nitrification reactor Activated sludge sample 
Brewery  Izmit 
Turkey 
All reactors*1 All reactors 
Inorganic Chemicals  Yalova  
Turkey 
Nitrification reactor Activated sludge sample 
Sunflower oil production Edirne 
Turkey 
Nitrification reactor Activated sludge sample 
Asat1  
(Leachate treatment center) 
Antalya 
Turkey 
Anoxic and Anaerobic 
reactors 
Activated sludge sample 
Asat2  
(Leachate treatment center) 
Antalya  
Turkey 
Anoxic and Anaerobic 
reactor 
Activated sludge sample 
Leachate wastewater 
treatment plant 
Istanbul 
Turkey 
All reactors*2 All reactors 
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Figure 3.1: Schematic structure of Brewery wastewater treatment center (Izmit). 
(Both AT1 and AT2 reactors are anaerobic tanks 
 
 
 
 
Figure 3.2: Schematic structure of leachate treatment center (Istanbul). Leachate 
enters the treatment system from the valve 1. Primary clarifier is used 
for physical and secondary clarifier is used for chemical segregation. 
 
 
  1 
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Table 3.2a: Sampling points for Leachate treatment center (ISTAC).  
 Sampling Points 
 
 
 
 
 
Leachate Treatment center 
A: Digester (pool 1) F: Nitrification pool 
B: Digester (pool 2) G: Ultrafiltration exit 
valve (UF) 
C: Denitrification pool H: Nanofiltration exit 
valve (NF) 
D: Denitrification pool 
exit valve 
E: Nitrification pool exit 
valve 
 
 
Table 3.2b: Sampling points for brewery wastewater treatment plant (PAKM). 
 
 
 
 
 
Brewery 
wastewater 
treatment 
plant 
 
 
A: Reactor AT2 bottom exit 
valve (anaerobic reactor) 
G: Denitrification pool (pool 1 ) 
B: Reactor AT2 middle exit 
valve 
H: Denitrification pool exit valve 
(pool 4 ) 
C: Reactor AT2 top exit 
valve 
I: Sedimentation- circulation tank 
exit valve 
D: Reactor AT1 bottom exit 
valve (anaerobic reactor) 
J: Buffer tank exit valve 
E: Reactor AT1 middle exit 
valve 
K:Raw waste 
F: Reactor AT1 top exit valve L: Anaerobic reactor  exit valve 
 
3.2.1.2 Environmental samples 
In this study over 50 environmental samples were screened for archaeal amoA gene 
occurrence (Table 3.3), mainly pristine and agricultural soil samples. In addition to 
the soil samples thermal, terrestrial hot spring, aquarium and fresh water samples 
were also screened for AOA occurrence. DNA of some environmental samples was 
already extracted before this study, (Table 3.3 samples marked with asterisk) 
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therefore GDNA was directly used as a starting template for polymerase chain 
reaction analysis. 
Table 3.3:Description of environmental samples screened for Archaeal amoA genes.  
Sample Location Sampling 
Date 
Usage Sample Type 
Sandy ecosystem* Darmstad 
Germany 
Sept. 2005 Natural grassland Sandy soil 
Limestone soil* Munich 
Germany 
Oct. 2005 Agricultural ecosystems Sandy soil 
Pasture land* Bergen 
Norway 
Oct. 2005 Agricultural ecosystems Sandy loam 
Grassland* Bergen 
Norway 
Oct. 2005 Agricultural ecosystems Sandy loam 
Vineyard* Santorini 
Greece 
Oct. 2005 Agricultural ecosystems Sandy soil 
Barley field* Santorini 
Greece 
Oct. 2005 Agricultural ecosystems Sandy soil 
Ploughed site* Rommersheim 
Germany 
July 2002 Agricultural ecosystems Silty clay loam 
Garden soil Vienna 
Austria 
Feb. 
2009 
Natural grassland Sandy loam 
Plant soil 
(D. thyrsiflora) 
Vienna 
Austria 
Jan. 
2010 
Greenhouse, Tropical 
(Tepiderium) 
Sandy loam 
Plant soil 
(Plectranthus) 
Vienna 
Austria 
Jan. 
2010 
Greenhouse, Tropical 
(Tepiderium) 
Sandy loam 
Forest soil Vienna 
Austria 
May 
2008 
Natural grassland Sandy loam 
Cave soil Vienna 
Austria 
Jan. 
2010 
Pristine Silty clay 
Cave soil Vienna 
Austria 
Jan. 
2010 
pristine Silty clay loam 
Aquarium water Vienna 
Austria 
March 
2010 
Tropical aquarium  Water sample 
Sediment Vienna 
Austria 
March 
2010 
Tropical aquarium  sediment 
Filter water Vienna 
Austria 
March 
2010 
Tropical aquarium  Water sample 
 
* indicate that samples’ DNA was extracted prior to this study (Genetics in Ecology 
group, University of Vienna & Centre for Geobiology and Department of Biology, 
University of Bergen) 
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Table 3.3: (cont.) Description of environmental samples screened for Archaeal 
amoA genes.  
Sample Location Sample 
Date 
Usage Sample Type 
* Dortmund  
Germany 
July 
2002 
Thermal spring Thermal 
water 
* Kamchatka 
Russia 
July 
2002 
Terrestrial Hot spring          
(> 70oC ) 
Thin mud, 
filaments 
Garden soil Istanbul 
Turkey 
June 
2009 
Natural grassland Sandy loam 
Forest soil Istanbul 
Turkey 
June 
2009 
Natural grassland Sandy loam 
* Grensdalur 
Iceland 
* Terrestrial Hot spring  
(84-93oC) 
Thick mud, 
thin mud 
Garden soil Vienna 
Austria 
Aug. 
2008 
Natural grassland Sandy loam 
Garden soil Vienna 
Austria 
Jan. 
2010 
Natural grassland Sandy loam 
Garden soil Vienna 
Austria 
May 
2008 
Natural grassland Sandy loam 
Plant soil 
 
Vienna 
Austria 
Jan. 
2010 
Greenhouse, Tropical 
(Calerium) 
Sandy loam 
Fresh water* Darmstad 
Germany 
July 2002 Fresh water Water sample 
* Reykjadalur 
Iceland 
* Terrestrial Hot spring  
( 51oC) 
Microbial 
mat 
Plant soil 
(Nepenthes hybrid) 
Vienna 
Austria 
Jan. 
2010 
Greenhouse, Tropical 
(Caldarium) 
Sandy loam 
 
* indicate that samples’ DNA was extracted prior to this study (Genetics in Ecology 
group, University of Vienna & Centre for Geobiology and Department of Biology, 
University of Bergen) 
3.2.2 DNA extractions 
A DNA molecule contains numerous discrete pieces of information, each coding for 
the structure of a particular protein. When, how, and where the synthesis of each 
protein occurs is precisely controlled by genomic material. A gene is a combination 
of DNA segments that contain all the information necessary for its expression, 
 
lviii
leading to the formation of a protein. A gene defined in this context would include 
both the structural gene sequence that encodes the protein, and sequences that are 
involved in the regulatory function of the process [Wong DWS., 2006].  
Many molecular biological methods made it possible to study nucleic acids (RNA 
and DNA) even from uncultured environmental samples. PCR, QPCR, FISH, DGGE, 
cloning and sequencing are mostly used in molecular biology and all these methods 
need a starting template from extracted nucleic acids to study genomic information 
and/or expression.  
In this study genomic properties of environmental, AOA enrichment culture and 
WWTPs samples were examined through successful DNA extractions (see below). 
3.2.2.1 DNA extractions from WWTPs activated sludge samples 
DNA extractions from all WWTPs activated sludge samples were carried out within 
2h after sampling. DNA was extracted using Fastprep DNA extraction kit for soil 
(Qbiogene, Carlsbad, CA). The protocol of the manufacturer was followed, starting 
with 0.5g sample material using a FastPrep instrument setting of 5.5 for 30s. DNA 
quantity is measured by Qubit fluorometer (invitrogen, Carlsbad, CA) and extracted 
DNA is diluted to 10 ng. 
3.2.2.2 DNA extraction from environmental soil samples 
DNA extractions from all environmental soil samples were carried out within 2h 
after sampling or samples were frozen at -20oC for later processing. DNA was 
extracted using the method described below (Table 3.4). 0.5g of sample is used as a 
starting material using a FastPrep instrument setting of 4 for 30s. DNA quantity and 
purity is checked fluorospectrometrically by NanoDrop (Thermo, Waltham, MA) and 
extracted DNA is diluted to 10 ng. 
Table 3.4: Modified DNA extraction protocol 
Add 0.5 ml of CTAB buffer and 0.5 ml of phenol/chloroform/isoamyl alcohol (25:24:1) solution 
Transfer the mixture to Lysing Matrix Tubes E (BIOgene) 
Fastprep the tubes (Setting 4 for 30 seconds) 
Centrifuge at 13300 rpm for 10 minutes 
Transfer supernatant and add 0.5 ml of Chloroform/isoamyl alcohol (24:1) 
Centrifuge at 13300 rpm for 10 minutes. 
Transfer supernatant and add 2X volume of PEG, invert and mix by hand 
Incubate at room temperature for 2 hours. later Centrifuge at 13300 rpm for 30 minutes 
Discard supernatant and wash with 70% ethanol 
Centrifuge at 13300 rpm for 10 minutes. Discard supernatant and add 50 µl of dH2O 
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3.2.2.3 DNA extraction from AOA enrichment cultures 
DNA extractions from AOA enrichment culture samples were frozen at -80oC for 
later processing. DNA was extracted using a modification of the method described 
above (Table 3.4); cultures were spin at 13300 rpm for 20 min. at 4oC; later 
supernatant was discarded, 0.5 ml of SDS extraction buffer was added and re-
suspended. DNA quantity and purity is checked fluorospectrometrically by 
NanoDrop (Thermo, Waltham, MA) and extracted DNA is diluted to 10 ng. 
3.2.2.4 DNA extraction from water samples 
DNA extractions from water samples were carried out within an hour after sampling. 
DNA was extracted using a modification of the method described above (Table 3.4); 
60 ml of water samples were spin at 20000 rpm for 30 min. at 4oC; later supernatant 
was discarded, 0.5 ml of CTAB extraction buffer was added and re-suspended. DNA 
quantity and purity is checked fluorospectrometrically by NanoDrop (Thermo, 
Waltham, MA) and extracted DNA is diluted to 10 ng. 
3.2.3 Polymerase Chain Reaction (PCR) 
3.2.3.1 PCR Overview 
The polymerase chain reaction (PCR) is a primer-mediated enzymatic amplification 
of specifically cloned or genomic DNA sequences [Innes et., 1990]. This PCR 
process has been automated for routine use in laboratories worldwide. The template 
DNA contains the target sequence, which may be tens or tens of thousands of 
nucleotides in length. A thermostable DNA polymerase such as Taq DNA 
polymerase catalyzes the buffered reaction in which an excess of an oligonucleotide 
primer pair and four deoxynucleoside triphosphates (dNTPs) are used to make 
millions of copies of the target sequence. Although the purpose of the PCR process is 
to amplify template DNA, a reverse transcription step allows the starting point to be 
RNA [Mullis et al., 1987; Saiki et al., 1995, 1988; Ascharf et al., 1986]. 
In a living cell a highly complex system involving many different proteins is 
necessary to replicate the complete genome. In simplistic terms, the DNA is 
unwound and each strand of the parent molecule is used as a template to produce a 
complementary ‘daughter’ strand. This copying relies on the ability of nucleotides to 
 
lx
base pair according to the well-known Watson and Crick rules; A always pairs with 
T and G always pairs with C [Solomon et al., 2002].  
The template strand therefore speciﬁes the base sequence of the new complementary 
DNA strand. A large number of proteins and other molecules, such as RNA primers, 
are required to ensure that the process of DNA replication occurs efficiently with 
high ﬁdelity and in a tightly regulated manner. DNA synthesis by a DNA polymerase 
must be ‘primed’ with a complementary sequence to a template sequence. Primers 
are synthetically produced DNA sequences usually around 20 nucleotides long. The 
DNA polymerase will add nucleotides to the free 3′-OH of this primer according to 
the normal base pairing rules [Alberts et al., 2002]. 
PCR requires only some of the components of the complex replication machinery to 
copy short fragments of DNA in a simple buffer system in a test tube. Unwinding of 
the DNA in the cell uses a multi-component complex involving a variety of enzymes 
and proteins, but in PCR this is replaced simply by a heating step to break the 
hydrogen bonds between the base pairs of the DNA duplex, a process called 
denaturation [McPherson MJ. & Moller SG., 2006].  
Following template denaturation two sequence-speciﬁc oligonucleotide primers bind 
to their complementary sequences on the template DNA strands according to normal 
base pairing rules (Figure 3.3). These primers deﬁne the region of template to be 
copied. DNA polymerase then begins to add deoxynucleotides to the 3′-OH group of 
both primers producing new duplex DNA molecules (Figure 3.3). Theoretically, the 
number of copies of the target sequence will be doubled at each PCR cycle. This 
means that at 100% efficiency, each template present at the start of the reaction 
would give rise to 106 new strands after only 20 cycles of PCR. The process is not 
100% efficient, and it is necessary to carry out more reaction cycles, often 25 to 40 
depending upon the concentration of the initial template DNA, its purity, the precise 
conditions and the application for which you require the product. The speciﬁcity and 
efficiency of PCR, however, means that very low numbers of template molecules 
present at the start of the PCR can be ampliﬁed into a large amount of product DNA, 
often a microgram or more, which is plenty for a range of detailed analyses 
[McPherson MJ. & Moller SG., 2006].  
The ability to amplify very low numbers of template means that if you happen to 
contaminate your reaction with a few molecules of product DNA from a previous 
reaction, you may get a false result. This is why performing control reactions are so 
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important and all PCR tests should contain at least one negative and one positive 
control. 
 
 
Figure 3.3: The ﬁrst cycle of a PCR. A double-stranded template molecule is 
denatured. Primers anneal to their complementary sequences on the 
single-stranded template. DNA synthesis is catalyzed by a 
thermostable DNA polymerase. The result of this PCR cycle is that 
two copies of the target sequence have been generated for each 
original copy [McPherson MJ. & Moller SG., 2006]. 
3.2.3.2 Archaeal amoA gene 
In order to study occurrence of AOA in both environmental and WWTPs samples, 
primers (Table 3.5a) targeting archaeal amoA gene was used. Arch_amoAF / 
Arch_amoAR primer set is used for screening AOA in WWTPs (BIORAD icycler) 
(IBEM, Istanbul Technical University); whereas AamoA19F/AamoA643R primer set 
is used for screening environmental samples (Genetics in Ecology group, University 
of Vienna).  
PCR conditions for primer sets are listed at table 3.5b and reagent used in PCR are 
listed at Table 3.8. 
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Table 3.5a: Primers used for screening AOA. 
Primer Name Primer Sequence Reference Amplicaon  
size (bp) 
Primer specific  
annealing T (oC) 
AamoA19F 5’-ATGGTCT 
GGCTWAGACG-3’ 
Leninger et al., 
2006 
 
650 
 
55 
AamoA643R 5’-TCCCACTTWGACC 
ARGCGGCCATCCA-3’ 
Leninger et al., 
2006 
Arch_amoAF 5’-STAATGGTCTG 
GCTTAGACG-3’ 
Francis et al., 
2005 
 
635 
 
56 
Arch_amoAR 5’-GCGGCCATC 
CATCTGTATGT-3’ 
Francis et al., 
2005 
 
Table 3.5b: PCR conditions for Archaeal amoA primer sets 
AamoA19F-AamoA643R 
 
cycles AOA amoA F-R 
 
cycles 
94oC  2 min. 1 95oC  5 min. 1 
94oC 30 sec.  95oC 30 sec.  
55oC 30 sec.     30 55oC 35 sec.     34 
72oC 40 sec.  72oC 50 sec.  
72oC 10 min. 1 72oC 10 min. 1 
18oC oo 1 4oC oo 1 
                                                                                          
3.2.3.3 Archaeal 16S rDNA genes 
Archaeal 16S rDNA primers are universal primers that are used to analyze the 
archaeal diversity (Table 3.6a). In this study archaeal 16S rDNA primers are mainly 
used to see if the extracted DNA templates from WWTPs and environmental samples 
are working successfully in PCR conditions and free of inhibition. All DNA 
templates that is positive for archaeal 16S rDNA genes used for screening AOA 
occurrence. In addition, archaeal 16S rDNA primers (Arch1017r/Arc46f) are used to 
produce PCR products that are used for cloning reactions (IBEM, Istanbul Technical 
University). Arch20F/Arch956R primer set is used for screening inhibition of 
environmental samples (Genetics in Ecology group, University of Vienna). PCR 
conditions for primer sets are listed at table 3.6b and reagent used in PCR are listed 
at Table 3.8. 
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Table 3.6a: Primers used for screening archaeal diversity. 
Primer Name Primer Sequence Reference  Amplicon 
 size (bp) 
Primer specific 
annealing T (oC) 
Arch46f 5’-YTAAGCC 
ATGCRAGT-3’ 
Ovreas et al., 1997 1000 57 
 
Arch1017r 5’-GGCCATGC 
ACCWCTCTC-3’ 
Barns et al., 1994 
Arch20f * Genetics in Ecology group, Uni. of 
Vienna 
1000 54 
Arch956r * Genetics in Ecology group, Uni. of 
Vienna 
 
 
Table 3.6b: PCR conditions for archaeal 16S rDNA primers 
Arch 20F-956R cycles Arch 1017r-46f  cycles 
94oC  3 min. 1 95oC  5 min. 1 
94oC 30 sec.  95oC 30 sec.  
54oC 30 sec.     30 57oC 45 sec.     35 
72oC 90 sec.  72oC 55 sec.  
72oC 10 min. 1 72oC 10min. 1 
18oC oo 1 4oC oo 1 
3.2.3.4 Bacterial 16S rDNA genes 
Bacterial 16S rDNA primers are universal primers that are used to analyze the 
bacterial diversity (Table 3.7a). vf / vr primer set is used for screening inhibition of 
WWTPs samples (IBEM, Istanbul Technical University). pa / ph primer set is used to 
produce PCR products that are used for cloning reactions (IBEM, Istanbul Technical 
University). PCR conditions for primer sets are listed at table 3.7b and reagent used 
in PCR are listed at Table 3.8 
Table 3.7a: Primers used for screening bacterial diversity. 
Primer Name Primer Sequence Reference Amplicon 
size (bp) 
Primer specific 
annealing T(oC) 
Vf 5’-GGCCTACGGGAGGCAGCA G-3’ Muyzer et al., 1993  
 
180 
 
 
55 
Vr 5’-ATTACCGCGGCTGCTGG-3’ Muyzer et al., 1993 
pA 5’-AGAGTTTGATCCTGGCTC AG-3’ Edwards et al., 1989  
 
1500 
 
 
59 
pH 5’-AGGGAGGTGATCCAG CCGCA-3’ Edwards et al., 1989 
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Table 3.7b: PCR conditions for bacterial 16S rDNA primers 
VF-VR 
(Bacterial 16S rDNA) 
Cycles PA-PH 
(Bacterial 16S rDNA) 
Cycles 
95oC  5 min. 1 95oC  5 min. 1 
95oC 30 sec.  95oC 30 sec.  
55oC 30 sec.     33 56oC 30 sec.     34 
72oC 40 sec.  72oC 45 sec.  
72oC 10 min. 1 72oC 12 min. 1 
4oC oo 1 4oC oo 1 
 
       Table 3.8 : Reagents used in PCR (A: IBEM, Istanbul Technical University,  
B: Genetics in Ecology group, University of Vienna) 
(A) (B) 
Reagents  Total Volume  
25 µl 
Reagents Total Volume  
25 µl 
MilliQ water 17.875 µl MilliQ water 14.875 µl 
10X PCR Buffer 
(with 18mM MgCl2) 
2.5 µl  5X PCR Buffer 5 µl 
MgCl2 0.75 µl (1.5mM) 
Forward primer 0.5 µl (0.2 pmol/ µl) Forward primer 1.25 µl (0.5µM) 
Reverse primer 0.5 µl (0.2 pmol/ µl) Reverse primer 1.25 µl (0.5µM) 
dNTPs 2.5 µl (2.5 mM) dNTPs 0.5 µl (0.2mM) 
  BSA 0.25 (0.2 mg/ml) 
Taq polymerase 0.125 µl(5 units/ µl) Taq polymerase 0.125 µl (5 units/ µl) 
DNA tempalte 1 µl (10 ng) DNA tempalte 1 µl (10 ng) 
3.2.4 Denaturing gradient gel electrophoresis (DGGE) 
3.2.4.1 DGGE overview 
Denaturing gradient gel electrophoresis (DGGE) was introduced 20 years ago 
[Fischer et al., 1979] as a gel system to separate DNA fragments. The seminal 
principle of this methodologic conquest was that DNA molecules were not separated 
according to size, as in conventional electrophoresis, but rather, according to base 
composition and sequence-related properties. Since then, the technology has been 
developed into a powerful, yet still challenging, method for detection of single base 
changes. In combination with polymerase chain reaction (PCR), it has been widely 
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used by research and diagnostic laboratories in the analysis of cancer and inherited 
disease [Boultwood J. & Fidler C., 2002].  
In aqueous solutions kept at a temperature below 60°C, DNA takes a double-
stranded, helical conformation maintained by hydrogen bonds between base pairs on 
opposite strands and stacking interactions between neighboring bases on the same 
strand. When the temperature is raised abruptly, the two strands come apart and take 
a single-stranded, random coil conformation. This helix–to–random chain transition 
is termed DNA melting and may also be induced by chemical denaturants. Because 
the forces holding a DNA helix include both base pairing and stacking interactions, 
the melting temperature (Tm) of a DNA molecule is determined by the overall 
sequence, not just the GC content [Boultwood J. & Fidler C., 2002].  
When a DNA molecule is subjected to gradual heating, it melts in a series of steps in 
which each step represents the melting of a discrete segment, termed a melting 
domain [Myers et al., 1987; Fodde et al., 1994; Abrams et al., 1992]. A DNA 
molecule may contain several melting domains, each consisting of 25–300 
contiguous base pairs, with Tm values in the range of 60–85°C. The domain that 
melts at the lowest temperature is referred to as the lowest-melting domain; the most 
stable domain is the highest-melting domain. A base substitution or other type of 
mutation may change the Tm of the domain in which it resides up to 1°C [Boultwood 
J. & Fidler C., 2002].  
The DGGE system elegantly uses the melting properties of DNA and the changes 
that mutations impose on these properties. A standard denaturing gradient gel 
contains a uniform concentration of polyacrylamide and an increasing gradient of 
denaturants, usually a combination of urea and formamide. An increase in denaturant 
concentration has been shown to be equivalent to a rise in temperature, and a 
gradient of denaturants hence simulates a temperature gradient within the gel. 
Because the concentrations of denaturant alone are not sufficient to provide DNA 
melting, the gel is immersed in a bath of electrophoresis buffer kept at a temperature 
just below incipient DNA melting, usually at 56–60°C [Boultwood J. & Fidler C., 
2002]. 
When a DNA molecule with two or more melting domains is electrophoresed 
through a denaturing gradient gel, it initially moves with a constant velocity 
determined by its size. At a certain point in the gel, a level of denaturant will be 
reached that exactly matches the melting temperature of the lowest-melting domain. 
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This domain will be destabilized, resulting in the abrupt formation of a partially 
melted, three-armed intermediate that moves with a very low velocity. Small shifts in 
the Tm of this domain induced by the introduction of base substitutions will cause 
the domain to unwind at different concentrations of denaturant and, accordingly, at 
different positions in the gel, providing the basis for physical separation between 
wild-type and mutant species [Fischer et al., 1983]. 
When the highest-melting domain of a DNA fragment melts, the fragment undergoes 
complete strand dissociation, and the resolving power of the gel is lost. To overcome 
this limitation, a modification was designed that involves the attachment of a GC-
rich sequence, usually called a GC-clamp, to one of the ends of the DNA fragment. 
The GC-clamp introduces a new highest-melting domain and works as a “handle” to 
keep the strands together. A GC-clamp is easily added by PCR using primers, one of 
which has been extended by a 30- to 60-bp GC-rich sequence at its 5' end [Sheffield 
et al., 1989].  
In this study to identify the diversity of the archaeal and bacterial communities in the 
activated sludge, denaturing gradient gel electrophoresis (DGGE) is used to screen 
GC-clamped 16S rDNA PCR products. 
Producing GC-clamped PCR products for DGGE analyses. 
Both archaeal and bacterial GC-clamped 16S rDNA primers are used in this study to 
examine microbial diversity. GC-clamped forward primers listed at Table 3.9.  Hot 
start Taq polymerase is (Qiagen) used for producing PCR products that will be 
examined in DGGE. In addition, final elongation time in PCRs kept longer to ensure 
GC-clamped products are successfully elongated. Table 3.10a lists the PCR 
conditions for bacterial primers. To get archaeal 16S rDNA products nested PCR is 
performed, Table 3.10b lists the PCR conditions for archaeal 16S rDNA primers. 
Table 3.9: GC-clamped forward primers used to produce PCR products that are 
analyzed in DGGE 
Primer Primer sequence Reference 
GC-Arch-344 F 5-GC**GACGGGGHGCAGCAGGCGCGA-3’ Raskin et al., 1994 
GC-Vf 5’-GC**GGCCTACGGGAGGCAGCA G-3’ Muyzer et al., 1993 
**GC- 5’-CGCCCGCCGCGCGCGGCGG 
GCGGGGCGGGGGCACGGGGG-3’ 
Muyzer et al., 1993 
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Table 3.10: PCR conditions for (A) GC- clamped bacterial 16S rDNA primers and 
(B) archaeal nested GC-clamped 16S rDNA primers 
(A) (B) 
Bacterial 
16S rRNA 
(GC-VF, VR) 
cycle Archaeal 
16S rRNA 
(46f- 1017r) 
Cycles Archaeal Nested 
PCR 
(GC-344F- 522R) 
Cycles 
95oC  15 min. 1 95oC  15 min. 1 95oC  15 min. 1 
95oC 30 s.  95oC 40 s.  95oC 45 s.  
55oC 35 s.     34 57oC 45 s.     34 59oC 45 s.     35 
72oC 50 s.  72oC 55 s.  72oC 60 s.  
72oC 10 min. 1 72oC 10 min. 1 72oC 10 min. 1 
4oC oo 1 4oC oo 1 4oC oo 1 
 
Preparation of DGGE Gel 
Both 8% and 10% (w/v) polyacrylamide [acrylamide-bisacrylamide (37.5:1)] 
solutions containing denaturing gradients of 0% and 100% were prepared (Table 
3.11) for separation of PCR products.  Gel preparation steps are listed at Table 3.12. 
DGGE running and staining conditions for bacterial PCR products and archaeal PCR 
products are shown in table 3.13. 
Table 3.11: Preparation of the 8% and 10% (w/v) acrylamide/bisacyrlamide (37.5:1) 
solutions containing denaturing gradients of 0% and 100%. 
 40% 
Acrylamide/Bis 
50X 
TAE 
 
Formamide urea dH2O Total Volume 
8% Gel 
0% 
Denaturant 
20 ml 2 ml - - 78 ml 100 ml 
8% Gel 
%100 
Denaturant 
20 ml 2 ml 40 ml 42 g Final Vol. 
100 ml  
100 ml 
10% Gel 
0% 
Denaturant 
25 ml 2 ml - - 73 ml 100 ml 
10% Gel 
100% 
Denaturant 
25 ml 2 ml 40 ml 42 g Final Vol. 
100 ml  
100 ml 
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Table 3.12: Preparation of DGGE Gels. 
Clean glass plates carefully with ethanol. Assemble the gel sandwich according to the 
supplier’s instructions. 
From the stock solutions of acrylamide and denaturants, prepare two solutions of 16 ml each 
(for a 32-mL gel), 
Add 160 µL of 10% ammonium persulfate and 16 µL of TEMED to each solution and mix by 
gently swirling. 
Pour the two gel solutions into the gradient maker 
Insert the comb gently and at an angle and let the gel polymerize for 30–45 min. 
Remove the comb and immediately flush the wells carefully with 1X TAE buffer to remove 
unpolymerized acrylamide 
 
Table 3.13: DGGE conditions for archaeal and bacterial PCR products. 
 
 
 
 
 
 
 
 
 
 
3.2.5 Cloning of PCR products 
3.2.5.1 Cloning overview 
Gene cloning involves taking a piece of DNA fragment from the organism where it 
naturally occurs and putting it into a cloning host such as the bacterium Escherichia 
coli. It is then possible to study the cloned DNA or produce the protein encoded by 
the gene. For many applications you may want subsequently to transfer the cloned 
DNA into another organism, but the initial cloning steps are almost always 
performed in E. coli [Lodge et al., 2007]. 
To make sure that the piece of cloned DNA is copied and passed on it is necessary to 
put it into a vector which will ensure that it is copied every time that the cell copies 
its own DNA and that a copy is passed on to each daughter cell at cell division. This 
 Bacterial 
16S rRNA 
(GC-VF, VR) 
Archaeal 
16S rRNA 
(GC-344F-522R) 
Gel percentage %10 %10 
Denaturing Gradient 35-65 35-60 
Running Volt 180 volt 180 volt 
Running Temp. 60oC 60oC 
Running time 330 min. 360 min. 
Staining 15 min. 7 min. 
De-staining 30 min. 15 min. 
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involves cutting the vector and joining in the piece of DNA that you want to clone. 
This cutting and joining of DNA fragments is done using enzymes (i.e. BamHI, 
EcoRI, HindIII )(Figure 3.4). The new molecule that you have thus created is 
introduced into your host cell by a process called transformation. Once in the host it 
will be copied and passed on every time the cell divides making many copies or 
clones of the original fragment [Lodge et al., 2007]. 
 
 
Figure 3.4 (a) A map of pBR322 showing the positions of the ampicillin resistance 
(Apr) and tetracycline resistance (Tetr) genes, the origin of replication 
(ori) and some of the unique restriction enzyme sites. (b) A map of 
pUC18 showing position of the ampicillin resistance (Apr) gene and the 
lacZ’ gene; the sequence of the multiple cloning site encoding 10 unique 
restriction sites is also shown [Lodge et al., 2007].   
 
3.2.5.2 The TOPO TA cloning® kit for sequencing overview 
In this study for cloning PCR products the TOPO TA cloning® kit for sequencing 
(invitrogen, USA) is used. It is a one-step cloning strategy (TOPO cloning) for the 
direct insertion of Taq polymerase-amplified PCR products into a plasmid vector for 
sequencing. Ligation of a PCR product disrupts expression of the lacZα- ccdB gene 
fusion permitting growth of only positive recombinants upon transformation in 
TOP10 cells. Cells that contain non-recombinant vector are killed upon plating. 
Therefore, blue/white screening is not required.   
The advantages of this commercial kit are that no ligase, post-PCR procedures, or 
PCR primers containing specific sequences are required. Experimental outline is 
listed at Table 3.14. 
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Table 3.14: Experimental outline for Topo TA cloning kit 
Produce PCR products 
Mixing PCR products together with pCR ®4-TOPO® plasmid vector 
Incubate at room temperature for 5 min (TOPO®- Cloning reaction). 
Transform into TOP10 E. coli cells 
Select and analyze colonies 
Isolate plasmid DNA 
Sequence 
 
3.2.5.3 Producing PCR products for TOPO TA cloning reaction 
Topo TA cloning kits are designed to clone Taq polymerase generated PCR products 
to ensure the presence of 3’ A-overhangs.  Hot start Taq polymerase is used while 
setting up 40 µl PCR products [0.2 pmol/ µl of each primer, 50 mM of dNTPs and 5x 
Q solution (Qiagen)]. The PCR conditions are listed at table 3.15.  
Table 3.15: PCR conditions 
Arc 1384r-7f (Archaeal 
16S rDNA) 
cycles PA-PH (Bacterial 16S 
rDNA) 
Cycles 
95oC  15 min. 1 95oC  15 min. 1 
95oC 40 sec.  95oC 30 sec.  
57oC 45 sec.     34 56oC 30 sec.     34 
 72oC 55 sec.  72oC 45 sec.  
72oC 18min. 1 72oC 18 min. 1 
4oC oo 1 4oC oo 1 
 
PCR products are purified before performing TOPO cloning reaction in order to 
increase cloning efficiency by QIAquick PCR purification kit (QIAGEN, Germany). 
3.2.5.4 Performing the TOPO cloning reaction 
Chemically competent E. coli cells were used to perform the TOPO cloning 
reactions. 1 to 3 µl fresh PCR products (according to PCR efficiency) are mixed with 
0.5 µl of TOPO vector and 0.5 µl of salt solution. 
After cloning, pCR4-TOPO constructs heat-shocked into the competent E. coli cells. 
Soon after transformation, 500 µl of S.O.C medium is added to the cells and later 
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100 µl from each transformation is spread to prewarmed LB plates (containing 50 
µg/ml kanamycin) for overnight incubation. 
3.2.5.5 IN-SITU PCR screening of clones for sequencing 
Transformants are analyzed by In-situ PCR, no plasmid isolation is performed.  
(Table 3.16). M13 reverse and T7 forward primers are used (16 µM) (Figure 3.5) in 
order to amplify cloned PCR products for sequencing. In situ PCR protocol is given 
at Table 3.17.  
Table 3.16: In-situ PCR template preparation 
Disperse clone into 100 µl dH20 
Incubate at 100oC for 5 min 
Centrifuge at 13000 rpm 
discard 85 µl of supernatant 
Pipette a 24 µl aliquot of the PCR premix into PCR tube 
Add 1 µl of the DNA soultion 
 
Table 3.17: In-Situ PCR protocol 
Step Time ToC cycles 
Initial denaturation 15 min. 95 1 
Denaturation 45 sec. 95  
Annealing 45 sec. 55 32 
Extension 1 min. 72  
Final extension 12 min. 72 1 
 
5 µl of in-situ PCR products are run on a 1.5 % agarose gel to check for cloning 
efficiency. Successful clone products are later sequenced for nucleotide analysis. 
In-situ PCR products are also used for DGGE analyses to examine phylogenetic 
diversity. GC-clamped primers are used for both archaeal and bacterial 16S rDNA 
PCRs. It is important to use DGGE to figure out the same clone products, and reduce 
sequencing expenses. 
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Figure 3.5: The features of pCR4-TOPO and the sequence surrounding then TOPO 
cloning site. Priming sites used for in situ PCR is shown in the figure 
(M13 reverse- T7) where cloned PCR products of interest are 
successfully amplified. 
 
3.2.6 Sequencing 
3.2.6.1 Sequencing overview 
In the late 1970s methods were developed that allowed the nucleotide sequence of 
any purified DNA fragment to be determined simply and quickly. They have made it 
possible to determine the complete DNA sequences of tens of thousands of genes, 
and many organisms have had their DNA genome fully sequenced.  
Large volume DNA sequencing was made possible through the development in mid-
1970s of the dideoxy method for sequencing DNA, which is based on in vitro DNA 
synthesis performed in the presence of chain-terminating dideoxyribonucleoside 
triphosphates. 
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Although the same basic method is still used today, many improvements have been 
made. DNA sequencing is now completely automated: robotic devices mix the 
reagents and then load, run, and read the order of the nucleotide bases from the gel. 
This is facilated by using chain-terminating nucleotides that are each labeled with 
different colored florescent dye; in this case, all four synthesis reactions can be 
performed in the same tube, and the products can be separated in a single line of a 
gel. A detector positioned near the bottom of the gel reads and records the color of 
the fluorescent label on each band as it passes through a laser beam. A computer then 
reads and stores this nucleotide sequence. 
Sequencing protocol 
During this study cloned DNA fragments are sequenced for nucleotide analyses. Big 
Dye terminator v3.1 premix (Applied Biosystems, CA, USA) is used for sequencing 
PCR experiments (Table 3.18). During the PCR one of either M13 or T7 primer is 
used for one-strand amplification (Table 3.19).  
Later the products are cleaned up prior to injection on the sequencer (ABI, CA, 
USA) in order to remove both the unincorpated dideoxynucleotides as well as salts 
from the reaction buffers (Table 3.20). 
 
Table 3.18: Reagents used for Sequencing PCR 
Reagents Reaction (1/4) 
Big Dye Terminator v3.1 Premix 2 µl 
DNA template 1 µl (10 ng) 
10X BDT Buffer 2 µl 
Primer 1 µl(1.6 pmol) 
ddH2O 4 µl 
Total Volume 10 µl 
 
Table 3.19: Sequencing PCR conditions 
ToC Time Cycle 
95 oC 5 min. 1 
95 oC 1 min.  
50 oC 30 sec. 30 
60 oC 4 min.  
18 oC oo 1 
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Table 3.20: Reaction Clean-up 
Put PCR products to 1.5 ml tubes 
10 µl reaction buffer (1 µl NaOAc (3 M, pH=5,5) + 25 µl 96% EtOH) 
Put on ice for 15 minutes 
Centrifuge at 4oC for 15 minutes ( 14000 rpm) 
Discard Supernatant 
Add 250 µl 70% EtOH 
Centrifuge at 4oC for 15 minutes ( 14000 rpm) 
Discard Supernatant, incubate at 37oC for 30 minutes 
Add 20 µl of cold formamide (-20oC) 
incubate at 95oC for 5 minutes 
Vortex 
incubate at -20oC for 3 minutes 
 
3.2.7 AOA Enrichment cultures 
Three different strains of AOA enrichment cultures strain v strain 123 (~96% purity) 
and Nitrosopumilus maritimus (~98% purity) were cultivated during this study. In 
order to discover best growing conditions for AOA; different ammonium 
concentrations were applied to the enrichment cultures (1mM, 3mM, 5mM, 10mM, 
and 20 mM). Growth was monitored by microscopy, nitrite production and QPCR. 
3.2.7.1 Cultivation 
Preparation of modified synthetic Crenarchaeota medium 
Nitrosopumilus maritimus is a marine ammonia-oxidizing archaeal strain belongs to 
Thaumarchaeota phylum (mesophilic crenarchaeota). In order to discover best 
growing conditions five different N. maritimus enrichment cultures (~98%) were 
incubated (Table 3.21) (each with three controls) with different ammonium 
concentrations (1mM, 3mM, 5mM, 10mM, and 20 mM)*. Cultures were kept at 
28oC in the dark for 35 days; samples from enrichment cultures were taken both for 
spectrophotometric analyses (nitrite measurements) and for nucleic acid extractions 
(QPCR). 
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Table 3.21: Modified synthetic Crenarchaeota medium recipe 
Dissolve the following amounts of salts in 1L of MilliQ water (SCM basal salt medium) 
NaCl (26.0 g), MgSO47H2O (5.0 g), MgCl2 6H2O (5.0 g), CaCl2 2H2O (1.5 g), KBr (0.1 g) 
Autoclave the SCM basal salt solution and cool to room temperature 
Aseptically, add per L of salt solution the following solutions from sterile stocks in the given order: 
1. HEPES Buffer (1M HEPES, 0.6M NaOH) 10.0 ml 
2. Sodium Bicarbonate (1M)     2.0 ml 
3. KH2PO4 (0.4 g/L)                   5.0 ml 
4. FeNaEDTA Solution      1.0 ml 
5. Modified Trace Elements     1.0 ml 
6. NH4Cl (1M)           * µl 
 
The pH of the medium should be 7.6 at 30oC. 
 
Preparation of basal medium for archaeal enrichments 
Two soil ammonia-oxidizing archaeal enrichment cultures (~96% purity) were 
incubated (Table 3.22) in order to discover best growing conditions (each with three 
controls) with different ammonium concentrations (1mM, 3mM, 5mM, 10mM, and 
20 mM)*. Enrichments were kept at 37oC in the dark for 35 days; samples were 
taken from enrichment cultures both for spectrophotometric analyses (nitrite 
measurements) and for nucleic acid extractions (QPCR). 
Table 3.22: Archaeal enrichments recipe 
Dissolve the following amounts of salts in 1L of MilliQ water. 10X (FWM Fresh water Medium) 
NaCl (10.0 g), MgCl26H2O (4.0 g), CaCl22H2O (1.0 g), KH2PO4 (2.0 g), KCl (5.0 g) 
Autoclave the Archaeal Enrichment medium and cool to room temperature 
Aseptically, add per L of FWM the following solutions from sterile stocks in the given order: 
 
1. Modified Trace Elements   1.0 ml 
2. FeNaEDTA Solution    1.0 ml 
3. Sodium Bicarbonate (1M)                2.0 ml 
4. HEPES Buffer                   10.0 ml 
5. NH4Cl (1M)        * µl 
 
The pH of the medium should be 7.5 at 30oC. 
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3.2.7.2 Microscopy 
Cell counts of AOA enrichment cultures were made by using both phase contrast 
(Nikon eclipse e100) and fluorescence (Nikon eclipse 80i) microscopes. Gerlite 
(0.64g/50 ml dH2O) is used for fixing cells for phase contrast microscopy. SYBR 
green (1/1000) and DAPI (5µg/ml) staining is used for fluorescence microscopy.  
SYBR green staining 
SYRBR green staining protocol is listed at Table 3.23 
Table 3.23: Staining protocol 
Dilute SYBR (1:10) of the supplied concentration (1/1000) with 0.02 µm filtered deionized water. 
Add 2.5 µl of the 10% SYBR working solution to a 97.5 µl of  0.02 µm filtered, sterile  deionized 
water on  the bottom of  a clean plastic Petri dish (final  dilution 2.5 X  10-3) 
Using a Millipore 25 mm glass filter holder, filter 1 to 5 ml of fixed sample through a 0.02 µm pore  
size Al2O3 Anodisc 25 membrane filter (Whatman), backed by a 0.8 µm cellulose mixed ester 
membrane (Millipore type AA) at approximately 20 kPa vacuum. 
Filter the Anodisc membrane to dryness, remove the membrane with forceps and lay the filter for 
15 min in the dark. 
The Anodisc filter was mounted on a glass slide with a drop of 50% glycerol, 50% phosphate  
buffered saline (PBS, 0.05 M Na2HP0, 0.85% NaCl,  pH 7.5) with 0.1 % p-phenylenediamine  
(Sigma)  on a 25 mm square cover slip, then immersion  oil was  placed above the cover slip. 
Slides counted immediately and for each filter 10 fields were selected randomly (100X objective) 
 
DAPI staining 
The same protocol at Table 3.23 is used for DAPI staining. Instead of SYBR green, 
DAPI (5µg/ml) is used. 
3.2.7.3 Colorimetric assays (nitrite production measurements) 
AOA enrichment cultures growth are measured by the nitrite that is been produced 
from the consumption of ammonia using colorimetric assays (Table 3.24). Samples 
(three controls for each sample) were taken at days: 0, 4, 6, 8, 11, 13, 15, 18, 25, 33 
and 35 for nitrite measurements. Absorbance is measured at 545nm by a 
spectrophotometer (Infinite M200, Tecan AG). 
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Table 3.24: Nitrite determination by colorimetric assay protocol 
Prepare Sulfanilamide/NED reagent. 
Mix 780 µl of base medium, 20 µl of Enrichment culture and 220 µl of Sulfanilamide/NED reagent. 
Prepare standards (20 -0 µM sodium nitrite) to use later for calibration curve. 
Shake the tubes and incubate for 15 minutes at room temperature in the dark. 
Transfer 200 µl solutions in micro titer plates and measure absorbance at 545 nm. 
 
3.2.7.4 Quantitative real time polymerase chain reaction (QPCR) 
QPCR overview 
Real-time PCR is the continuous collection of fluorescent signal from one or more 
polymerase chain reactions over a range of cycles. Quantitative real-time PCR is the 
conversion of the fluorescent signals from each reaction into a numerical value for 
each sample [Dorak, TM. 2006]. 
Several approaches have been employed to detect PCR products. The most popular 
ones are based on specific binding of hydrolysis of hybridization probes to the target 
sequence. Another approach uses fluorescent dyes, which bind to the double-
stranded PCR product non-specifically. Although both assays are potentially rapid 
and sensitive, their principles of detection and optimization are different, as is the 
resulting cost per assay [Dorak, TM. 2006]. In this study inexpensive SYBR® Green 
I technology is used for real-time quantitative PCR experiments. 
SYBR Green chemistry 
SYBR Green is a fluorescent dye that binds only to double-stranded DNA. 
Fluorescence is emitted proportionally to the amount of double-stranded DNA. In a 
PCR reaction, the input DNA or cDNA is minimal and, therefore, the only double 
stranded DNA present in sufficient amounts to be detected is the PCR product itself. 
As for other real-time PCR chemistries, read-outs are given as the number of PCR 
cycles (‘cycle threshold’ Ct) necessary to achieve a given level of fluorescence. 
During the initial PCR cycles, the fluorescence signal emitted by SYBR® Green I 
bound to the PCR products is usually too weak to register above background. During 
the exponential phase of the PCR, the fluorescence doubles at each cycle. A precise 
fluorescence doubling at each cycle is an important indicator of a well optimized 
assay. After 30 to 35 cycles, the intensity of the fluorescent signal usually begins to 
plateau, indicating that the PCR has reached saturation. As Ct correlates to the initial 
amount of target in a sample, the relative concentration of one target with respect to 
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another is reflected in the difference in cycle number (∆Ct = Ct sample – Ct 
Reference ) necessary to achieve the same level of fluorescence [Dorak, TM. 2006]..  
There are now many commercially available SYBR® Green chemistry kits; in this 
study SYBR®Green supermix (Biorad) is used. 
Melting curve analyses 
Heat dissociation (PCR product melting curve) analysis at the end of the PCR 
confirms whether or not a single product is amplified and that no dimers interfere 
with the reaction. A melting curve analysis begins with heating the PCR product at 
the end of the PCR reaction. As the PCR product melts and the SYBR® Green is 
released into the solution, its fluorescence intensity decreases. A negative first 
derivation curve of the fluorescence intensity curve over temperature produced by 
the instrument’s software clearly indicates the Tm of the PCR product (peak of the –
dF/dT curve) and should be quite close to the predicted Tm of the PCR product 
(Figure 3.6) [Dorak, TM. 2006].. 
 
Figure 3.6: An illustration of the use of melting curve analysis to distinguish 
between specific and non-specific PCR products [Dorak, TM. 2006]. 
 
Standard curve analyses 
The standard curve is a very useful tool for determining the qualities of an assay. 
Using a defined template, such as a plasmid containing a relevant portion of the gene 
of interest, PCR product, synthetic oligonucleotide or transcribed RNA to perform a 
standard curve, will allow determination of the PCR efficiency of the assay along 
with the sensitivity and dynamic range independently of any variables associated 
with the sample preparation and/or reverse transcription (Figure 3.7) [Dorak, TM. 
2006]. 
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                                   (A)                                                               (B) 
     
Figure 3.7: (A) Sample dilution series oligonucleotide standard over a 7-log range, 
from a real-time PCR experiment. Each amplification curve illustrates 
the four phases of a polymerase chain reaction experiment: baseline, 
signal being made but not detectable by the instrument; geometric, 
detectable signal with maximal PCR efficiency; linear, post-geometric 
with slowly declining PCR efficiency; and plateau, no or very little 
new product made. (B) Standard curve of degraded template [Dorak, 
TM. 2006]. 
 
QPCR experiments 
Eppendorf mastercycler ep realplex2 is used during this study. N. maritimus clones 
are used as standard controls (108 to 101 copies). Archaeal amoA 19F and archaeal 
amoA 616r primers are used for quantification of archaeal amoA gene regions, 
SYBR®Green supermix (Biorad, CA, USA) is used for real-time analyses. Meting 
curve analyses are made at the end of each QPCR experiment.  
 
Table 3.25: Reagents used in QPCR 
 
 
 
 
 
 
 
 
 
 
  
Reactants Stock 
Solution 
Final 
Conct. 
1x µl 
PCR water    5,8 
SYBR Super Mix  5X 1X 10 
Forward Primer 10uM 0,5 uM 1 
Reverse Primer 10uM 0,5 uM 1 
BSA 20mg/ml 0,2 mg/ml 3,6 
Sample   2 µl 
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4. RESULTS AND DISCUSSION 
4.1 Sampling 
Crucial steps in geochemical cycles are in many cases performed by more than one 
group of microorganisms. Microbial communities in wastewater treatment plants are 
extremely complex. However, the significance of this diversity is mainly affected by 
the conventional parameters such as: pH, salinity, temperature, dissolved oxygen, 
alkalinity and BOD. 
In order to have a better understanding about the community structure and compare 
the results with AOA enrichment cultures, conventional parameters are collected 
from WWTPs. Conventional parameters of various active sludge samples’ are listed 
at table Table 4.1. Brewery wastewater treatment center conventional parameters are 
listed at Table 4.2 whereas leachate wastewater treatment plant is given at Table 4.3. 
Leachate wastewater treatment plant total COD treatment percentage is given at 
Figure 4.1, measured COD values are shown at Figure 4.2, percentages of NH4 
removal, nitrification and denitrification are given at Figure 4.3 and pH values of 
aerobic, anoxic and infiltration are shown at Figure 4.4. 
 
Table 4.1: Various WWTPs active Sludge samples’ conventional parameters. 
 pH COD AKM NH4-N Top.p  BOD KjN 
Paper 
industry 
7-8 500-1500  <5 1 300-800  
Beer industry 7-8 n.d. 90000 n.d. n.d. n.d. n.d. 
Beer industry 7-8 n.d. 85000 n.d. n.d. n.d. n.d. 
Rakı industry 7-8 n.d. 25000-
30000 
n.d. n.d. n.d. n.d. 
Gum industry 7-8 n.d. 15000 n.d. n.d. n.d. n.d. 
chemistry 
industry 
7-8 266. 8650 <5 n.d. 200-300 448 
 
Abbreviation: n.d., not determined 
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Table 4.2: Brewery wastewater treatment center conventional parameters for buffer 
tank, AT1 reactor, AT2 reactor, aerobic tank. 
 Buffer tank AT1 reactor  AT2 reactor Aerobic tank (exit valve) 
Date pH COD 
(mg/l) 
pH VFA 
(mg/l) 
pH VFA 
(mg/l) 
pH COD NH4-
N 
NO2-
N 
NO3-
N 
Jan. 2009 8.31 8720 7.17 1512 7.38 956 7.7 920 6.4 2 86 
Feb. 2009 8.73 4200 7.1 1194 n.d. n.d. 7.67 760 6 20.7 24.4 
Mar. 2009 6.95 7140 7.09 1992 7.35 1439 8.04 1230 25.4 8.4 5 
Abbreviation: n.d., not determined 
 
Table 4.3: Leachate wastewater treatment plant conventional parameters for digester 
tank entrance valve and ultrafiltration entrance valve.  
 Digester Tank  
(Entrance valve) 
Ultrafiltration  
(Entrance valve) 
Date pH COD NH4-N Nt pT T
oC Anoxic Oxygen 
(mg/l)  
Anoxic 
pH 
Aerobic  
pH 
Dec. 2008 8.09 13790 2660.9 2840 23.3 28 0.06 8.58 8.54 
Jan. 2009 8.1 13720 2829 3838 n.d. 24.5 0.09 8.55 8.48 
Feb. 2009 8.4 10990 2931 3567 17.8 23.5 0.11 8.53 8.53 
March 2009 8.23 14890 2263 2460 17.0 20.2 0.07 8.56 8.5 
Abbreviation: n.d., not determined 
 
 
 
Figure 4.1: Leachate wastewater treatment plant total COD treatment percentage 
 Figure 4.2: Leachate wastewater treatment plant measured COD values
Figure 4.3: Leachate wastewater treatment plant NH
and denitrification percentage
Figure 4.4: Leachate wastewater treatment plant pH values of aerobic, anoxic 
and infiltration. 
conditions for nitrification
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. 
4 removal, nitrification 
.  
pH values between 7.8 to 8.3 is the optimum 
. 
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4.1.1 DNA extraction results 
DNA extraction results from WWTPs active sludge and environmental samples are 
given below. Extractions gave sufficient amount of DNA to be used for later 
experiments.  
DNA extractions from WWTPs samples  
Quantity of DNA was checked fluorometrically by Qubit (Invitrogen, MA). All DNA 
extracts were run on 1% agarose gel (100 volt, 30 minutes) to check for purity. 
Figure 4.5a shows the DNA extraction results for brewery wastewater treatment 
plant sampling points. Figure 4.5b shows the DNA extraction results for leachate 
treatment plant sampling points. All DNA is diluted to 10ng using MilliQ water and 
stored at -20oC for PCR experiments. 
 
                                          (a)                                                          (b) 
Figure 4.5: Agarose gel electrophoresis photos of DNA extraction results. (a) 
Brewery wastewater treatment plant [A: Reactor AT2 bottom exit 
valve (67.4 ng/µl), B: Reactor AT2 middle exit valve 77.9 (ng/µl), C: 
Reactor AT2 top exit valve (85.6 ng/µl), D: Reactor AT1 bottom exit 
valve (97.2 ng/µl), E: Reactor AT1 middle exit valve (95.4 ng/µl), F: 
Reactor AT1 top exit valve (87.7 ng/µl), G: Denitrification pool (pool 
1) (105 ng/µl), H: Denitrification pool exit valve (pool 4) (113 ng/µl)]. 
(b) Leachate treatment plant [A: Digester (pool 1) (32 ng/µl), Digester 
(pool 2) (110 ng/µl), C: Denitrification pool (66 ng/µl), D: 
Denitrification pool exit valve (68 ng/µl), E: Nitrification pool exit 
valve (62 ng/µl), F: Nitrification pool (72 ng/µl)] 
 
DNA extractions from environmental samples 
Quantity and purity of DNA was checked fluorospectrometrically by NanoDrop 
(Thermo, CA). All environmental soil DNA extracts were run on 1% agarose gel 
(100 volt, 30 minutes) to check for purity. Figure 4.6 shows the DNA extraction 
results for various environmental soil samples. 10 µl of DNA is diluted to 10ng using 
MilliQ water and stored at -20oC for PCR experiments. 
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DNA of some environmental samples was extracted prior to this study. Quantity and 
purity of these samples were checked fluorospectrometrically by NanoDrop (Figure 
4.7). 5 µl of DNA is diluted to 10ng using MilliQ water and stored at -20oC for PCR 
experiments. In this study, environmental samples that have lower concentration than 
10 ng is not used for PCR experiments.  
DNA from a tropical aquarium water and tropical aquarium sediment were extracted. 
Quantity and purity of these samples were checked fluorospectrometrically by 
NanoDrop (Figure 4.8a).  DNA quantity was lower than 10 ng for all of the samples 
except E06-E; still all DNA is used in PCR reactions, undiluted. Since the samples 
are water samples, there were no inhibitors for PCR reactions (Figure 4.8b). 
 
 
(a)                                                                     (b) 
Figure 4.6: (a) Agarose gel electrophoresis (1% w/v) photos of DNA extraction 
results. A: Garden soil Vienna jan. 2010, B: plant soil (Tropical 
Greenhouse) jan. 2010, C: cave soil (silty clay) Vienna jan. 2010, D: 
Garden Soil Vienna feb. 2009, E: plant soil (Plectranthus) jan. 2010, F: 
plant soil (Dichorisandra thyrsiflora) jan 2010, G: garden soil Vienna 
feb. 2009, H: Cave soil (silty clay loam) Vienna jan. 2010, I: Garden 
Soil Vienna may 2008 (mixed with ammonia), J:Garden Soil Vienna 
aug. 2008, K: Plant soil (Nepenthes hybrid) jan 2010, L: Garden Soil 
MAY 08. (b) NanoDrop results 
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Figure 4.7: NanoDrop results of environmental samples (Rud, 7_soil, 8_soil: sandy 
soil; Fletche, Darmstad_F, Grube: Fresh water samples; 
Thermo_Dortm: thermal water; Fischer: sandy loam; Brewery: silty 
clay loam; Pushino, mount_mu_kam, gey, kamctka: terrestrial hot 
spring water) 
 
 
                                     (a)                                                         (b) 
Figure 4.8: (a) NanoDrop results of tropical aquarium water (A: HA water, B: TA 
water, C: aquarium water, D: VA water, E: tropical aquarium filter 
water, F: tropical aquarium water from top, G: tropical aquarium 
sediment). (b) Nanodrop graph show purity for DNA samples. 
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4.2. Polymerase Chain Reaction (PCR) 
DNA extracted from environmental and WWTP samples held at -20oC until used for 
PCR screening. PCR analyses results are listed below. 
4.2.1 Archaeal 16S rDNA gene 
Environmental samples 
Universal 16S rDNA primers are used to test if the isolated environmental DNAs are 
free of PCR inhibitors and amplified successfully. Later samples those are positive 
for archaeal 16S rDNA gene is used to screen archaeal amoA gene occurrence. For 
environmental samples only a few 16S rDNA products cloned for sequencing (see 
section about sequencing), rest of the products are only used as a positive control for 
PCR analyses. 
According to soils textures and sample type DNA quantities vary. Sandy loam, sandy 
soil, silty clay loam samples are positive for universal archaeal PCRs (Figure 4.9a). 
Low DNA quantity from tropical aquarium water samples (Figure 4.9c) and low 
DNA quantity and/or inhibition of silty clay samples (Figure 4.9b) (Jens Achten 
Cave, Vienna) results in low band profiles or negative results for universal archaeal 
primers. Negative results can also indicate the absence of archaeal communities in 
that particular environment. 
 
(a)                                                    (b) 
Figure 4.9: Agarose gel electrophoresis photos of archaeal 16S rDNA PCR results 
(a) A: Garden soil Vienna jan. 2010, B: plant soil (Tropical 
Greenhouse) jan. 2010, C: cave soil (silty clay) Vienna jan. 2010, D: 
Garden Soil Vienna feb. 2009, E: garden soil Vienna feb. 2009, F: Cave 
soil (silty clay loam) Vienna jan. 2010, G: Garden Soil Vienna may 
2008 (mixed with ammonia), H: Garden Soil Vienna aug. 2008. (b) 
A,C,H sandy loam; B,D,E,F,G silty clay, Vienna Jens Achten cave. 
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Figure 4.9: (cont.) (c) Tropcial Aquarium water samples: A, B, C, D, F; tropical 
aquarium filter water: E; tropical aquarium sediment 
sample: G. 
 
WWTP samples 
For WWTPS Archaeal 16S rDNA PCR products are amplified in order to be used for 
cloning (see section about sequencing) or/and DGGE (see section about DGGE) 
Negative results were obtained from nanofiltration and ultrafiltration exit valves in 
ISTAC leachate treatment plant, most probably because of low DNA quantity 
(Figure 4.10a, sample I2). PCR efficiency for 16S universal archaeal populations 
vary in different reactors due to inhibition (Figure 4.10a). Various WWTPs screened 
for archaeal 16S rDNA gene occurrence the results are shown at Table 4.11b. 
Archaeal populations do occur in all WWTPs activated sludge reactors, yet their 
activity is not studied in this experiment. 
 
 
 (a) 
Figure 4.10: Agarose gel electrophoresis photos of archaeal 16S rDNA PCR results. 
A2: PAKM AT2 bottom exit valve, F2: PAKM AT1 top exit valve 
D2: PAKM AT1 bottom exit valve, C2: PAKM AT2 top exit valve, 
A1: ISTAC digester (pool 1), E3+: ISKI digester (pool 2), I2: ISTAC 
nanofiltration exit valve E2: PAKM AT1 middle exit valve H2: 
PAKM denitrification (pool 4) B2: PAKM AT2 middle exit valve, J2: 
PAKM anaerobic buffer, D3+: ISTAC denitrification pool, middle F3: 
ISTAC nitrification pool C3: ISTAC denitrification pool, exit.  
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(b) 
Figure 4.10: (cont.) Agarose gel electrophoresis photos of archaeal 16S rDNA PCR 
results. (b)WWTP activated sludge samples are listed as, 1: 
petroleum refinery (Kırıkkale), 2: paper raw material 
(Istanbul), 3: ISKI digester (Istanbul), 4: beer factory 
(Istanbul), 5: inorganic chemicals (Yalova), 6: ASAT1 
(Antalya), 7:ASAT2 (Antalya), 8: beer factory (Ankara), 9: 
gum factory (Istanbul), 10: raki factory (Tekirdag), 11: 
ISTAC(Istanbul) , 12:sunflower oil (Edirne). 
 
4.2.2 Bacterial 16S rDNA genes  
vf/vr primers 
Bacterial universal 16S rDNA vf/vr primers are used to test if the isolated WWTP 
DNAs are free of PCR inhibitors and amplified successfully (Figure 4.11). Later 
samples those are positive for bacterial 16S rDNA gene is used to screen archaeal 
amoA gene occurrence. All samples were positive for bacterial universal primers 
except ISTAC ultrafiltration exit valve.  
 
  
 
Figure 4.11: Agarose gel electrophoresis photos of bacterial 16S rDNA PCR results. 
1: PAKM AT2 bottom exit valve, 2: PAKM AT1 top exit valve, 3: 
PAKM AT2 top exit valve, 4: ISTAC digester (pool 1), 5: ISKI digester 
(pool 2), 6: PAKM anaerobic buffer, 7: ISTAC denitrification pool, 
middle, 8: ISTAC nitrification pool, 9: petroleum refinery nitrification 
reactor. 
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pa/ph’ primers 
Bacterial universal 16S rDNA pa/ph’ primers are used for producing PCR product 
that are used as a template for cloning reactions. The intensity of the band profile of 
PCR products determine the amount of template that is used for cloning (Figure 
4.12). 
 
 
Figure 4.12: Agarose gel electrophoresis photos of bacterial 16S rDNA PCR results. 
1: PAKM AT2 top exit valve, 2: PAKM AT1 bottom exit valve, 3: 
PAKM AT2 top exit valve, 4: ISTAC digester (pool 1), 5: ISKI digester 
(pool 2), 6: ISTAC nitrification buffer, 7: ISTAC denitrification pool, 
middle  
 
4.2.3 Archaeal amoA gene 
Environmental samples 
Autotrophic ammonia-oxidizing bacteria (AOB) have been so far considered the 
most important contributors to aerobic ammonia oxidation (Bock et al., 2001; 
Purkhold et al., 2000). Recently new studies indicate that archaeal ammonia 
oxidizers are more abundant in soils than their bacterial counterparts (Leininger et 
al., 2006).  
To evaluate their potential ecological impact, the predicted existence of AOA was 
also shown in this study. Various soil samples, fresh water samples, sediments, hot 
spring water and thermal water were screened for Ammonia monooxygenase (amoA) 
gene existence. Our results indicate that AOA is abundant in soils; in addition we 
could confirm the occurrence of AOA in various ecosystems. This shows that AOA 
is versatile and adapted to a broad range of growth conditions (Figure 4.13).  
Terrestrial thermal/hot springs 
To explore the potential occurrence of AOA at high temperatures, Kamchatkan and 
Icelandic terrestrial hot springs with temperatures ranging from 51to 97oC and pH 
values 2.5 to 7 were investigated for the presence of archaeal amoA genes. The 12 
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sites that were positive in PCR screens for archaeal amoA gene are described in 
Table 4.4. Results indicate that archaeal amoA genes are widespread in hot springs. 
In addition, a thermal spring sample from Dortmund Germany was screened for 
archaeal amoA gene occurrence, which was also positive (Table 4.4). 
The wide temperature and pH ranges, together with the geographically distinct 
sampling locations, suggest that hyperthermophilic AOA may be important 
components of hot spring microbial communities. 
Table 4.4: Description of Icelandic and Kamchatkan hot springs and German 
thermal spring   where archaeal amoA genes were detected 
Location Usage Sample type T(oC)  pH 
Uzon Caldera, Kamchatka Russia Terrestrial Hot spring  Filaments 85 5.5 
Uzon Caldera, Kamchatka Russia Terrestrial Hot spring Filaments 82 5.5 
Uzon Caldera, Kamchatka Russia Terrestrial Hot spring Filaments 83 6 
Mt. Mutnowsky, Kamchatka Russia Terrestrial Hot spring  Thin mud 94 2.5 
Mt. Mutnowsky, Kamchatka Russia Terrestrial Hot spring Thin mud 85 2.5 
Mt. Mutnowsky, Kamchatka Russia Terrestrial Hot spring Filaments 84 6.5 
Grensdalur, Iceland Terrestrial Hot spring  Thin mud 84 3 
Grensdalur, Iceland Terrestrial Hot spring Thick mud 93 3 
Grensdalur, Iceland Terrestrial Hot spring Thick mud 84 7 
Grensdalur, Iceland Terrestrial Hot spring  Thin mud 85 5.5 
Grensdalur, Iceland Terrestrial Hot spring Thick mud 97 5 
Reykjadalur, Iceland Terrestrial Hot spring  Microbial mat 51 6 
Dortmund, Germany Thermal spring Thin mud 56 7 
   Abbreviation: n.d., not determined 
 
Soil/terrestrial ecosystems 
To explore the potential occurrence of ammonia-oxidizing crenarchaeota in 
terrestrial ecosystems, various soil samples were investigated for the presence of 
archaeal amoA genes. Twenty different soil samples including natural and managed 
ecosystems exhibiting different soil types with a wide range of pH and seasonal 
differences were investigated for the presence of archaeal amoA genes. The 18 sites 
that were positive in PCR screens for archaeal amoA geneare described in Table 4.5.  
All soil/terrestrial samples were positive for archaeal amoA genes, except 
Dichorisandra thyrsiflora and Plectranthus plants pot soil. 
The wide pH ranges, together with the geographically distinct sampling locations, 
different soil types and seasonal sampling differences suggest that AOA is wide 
spread in soils. 
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Table 4.5: Description of soil samples where archaeal amoA genes were detected 
 Location Sampling 
Date 
Usage Soil Type pH 
Sandy ecosystem Darmstad, Germany Sept. 2005 Natural grassland Sandy soil 7.0 
Limestone soil Munich, Germany Oct. 2005 Agricultural ecosystems Sandy soil 6.9 
Pasture land Bergen, Norway Oct. 2005 Agricultural ecosystems Sandy loam 6.1 
Grassland Bergen, Norway Oct. 2005 Agricultural ecosystems Sandy loam 5.5 
Vineyard Santorini, Greece Oct. 2005 Agricultural ecosystems Sandy soil 6.2 
Barley field Santorini, Greece Oct. 2005 Agricultural ecosystems Sandy soil 6.0 
Ploughed site Rommersheim,  
Germany 
July 2002 Agricultural ecosystems Silty clay loam 7.3 
Garden soil Vienna, Austria Feb. 2009 Natural grassland Sandy loam 5.4 
Forest soil Vienna, Austria May 2008 Natural grassland Sandy loam 5.8 
Forest soil Istanbul, Turkey June 2009 Natural grassland Sandy loam n.d. 
Cave Vienna, Austria Jan. 2010 Pristine Silty clay n.d. 
Cave Vienna, Austria Jan. 2010 pristine Silty clay loam n.d. 
Garden soil Istanbul, Turkey June 2009 Natural grassland Sandy loam n.d. 
Garden soil Vienna, Austria Aug. 2008 Natural grassland Sandy loam 5.6 
Garden soil Vienna, Austria Jan. 2010 Natural grassland Sandy loam 5.6 
Garden soil Vienna, Austria May 2008 Natural grassland Sandy loam 5.7 
Plant soil (Nepenthes 
hybrid) 
Vienna, Austria Jan. 2010 Greenhouse, Tropical Sandy loam 6.2 
Plant soil  Vienna, Austria Jan. 2010 Greenhouse, Tropical Sandy loam 6.0 
Abbreviation: n.d., not determined 
 
Fresh water/ tropical aquarium water/ sediments 
The occurrence of AOA in fresh water, tropical aquarium water and sediments were 
investigated for the presence of archaeal amoA genes. The 4 sites that were positive 
in PCR screens for archaeal amoA genes are described in Table 4.6. The results 
indicate the presence of ammonia oxidation by archaea in tropical aquarium water 
(24oC) and fresh water (6oC). 
Table 4.6: Description of Fresh water/ tropical aquarium water/ sediments where 
archaeal amoA genes were detected. 
 Location Sampling Date Usage Sample type pH T (oC) 
Filter water Vienna, Austria March 
2010 
Tropical aquarium  Water sample 8.2 24 
Sediment Vienna, Austria March 
2010 
Tropical aquarium  sediment n.d. n.d. 
Aquarium water Vienna, Austria March 
2010 
Tropical aquarium  Water sample 8.2 24 
Fresh water Darmstad, Germany July  
2002 
Fresh water Water sample 8.4 6 
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                                     (a)                                                                 (b) 
Figure 4.13: 1.5% Agarose gel electrophoresis photos of AOA amoA gene 
occurrence results. (a) soil samples (b) Hot/thermal springs 
 
WWTPs  
Although abundant in environmental samples, it remains to be shown whether 
ammonia-oxidation occurs by archaea in WWTPs, in activated sludge. Only one 
study reports molecular evidence that AOA present in activated sludge bioreactors 
(Park et al., 2006), yet our results indicate that ammonia-oxidation by archaea in 16 
activated sludge bioreactors does not occurs (Figure 4.14). It will be important to 
identify the parameters influencing AOA and AOB populations in WWTPs and to 
quantify and compare their specific activities under varying conditions. 
 
  
Figure 4.14: Agarose gel electrophoresis photos of archaeal amoA gene PCR results. 
Activated sludge samples from WWTPs are negative for AOA amoA 
specific PCRs. 16 reactors were tested for AOA occurrence yet none of 
them were positive. 
 
4.3 Denaturing gradient gel electrophoresis (DGGE) 
GC-clamped PCR products are used for DGGE analyses, for that purpose, GC-
clamped primers are used. Both archaeal 16S rDNA and bacterial 16S rDNA primers 
are used to screen diversity in WWTPs active sludge samples (see below). 
Archaeal 16S rDNA gene (GC clamped) 
PCR products that are amplified with arch46f- 1017r are used in a nested PCR as a 
template. GC-clamped arch 344f and 522r primers are used in this second PCR. Later 
final products are run in DGGE. Results indicate the archaeal diversity in activated 
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sludge reactors (Figure 4.15). It is clear that activated sludge samples have archaeal 
diversity, but none of the archaeal amoA gene related PCR results were positive. 
 
 
 
(a)                                                         (b)                                                               
Figure 4.15: (a) 1.5% agarose gel electrophoresis photo (b) DGGE photo A: 
PAKM AT1 bottom exit valve, B: PAKM sedimentation-
circulation tank, C: PAKM AT2 bottom exit valve, D: ISTAC 
nitrification pool exit valve (Feb. 2009), E: ISTAC nitrification 
pool middle valve (Jan. 2009) F: ISTAC nitrification pool middle 
valve (Feb. 2009). 
 
Bacterial 16S rDNA genes (GC clamped) 
PCR products (Figure 4.16a) that are amplified with GC-vf and vr are used in DGGE 
to examine bacterial diversity in activated sludge samples. DGGE band profiles 
indicate various bacterial species from activated sludge samples (Figure 4.16b). 
Archaeal and bacterial 16S rDNA gene diversity were screened by DGGE analyses. 
Results indicate that bacteria are much more diverse than archaea. 
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                                    (a)                                                                        (b)                                                                               
Figure 4.16: (a) 1.5 % agarose gel electrophoresis photo (b) DGGE photo 1: 
ISTAC nitrification pool middle valve (Jan. 2009), 2: ISTAC 
nitrification pool middle valve (Feb. 2009), 3: ISTAC nitrification 
pool exit valve, 4: PAKM AT1 bottom exit valve, 5: PAKM AT2 
middle exit valve, 6: PAKM AT2 bottom exit valve, 7: PAKM 
aerobic pool 4 (Jan. 2009), 8: PAKM aerobic pool 4 (Feb. 2009), 
9: PAKM aerobic pool 2 (Feb. 2009). 
 
4.4 Cloning 
4.4.1 Producing PCR products for cloning reaction 
Producing bacterial 16S rDNA PCR products  
Cloning products are used for screening bacterial diversity.  Efficiency of PCR 
affects cloning success, therefore low band profiles were not used for cloning 
reactions (Figure 4.17). 
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Figure 4.17: Agarose gel electrophoresis photos of bacterial 16S rDNA PCR results. 
1: PAKM AT2 top exit valve, 2: PAKM AT1 bottom exit valve, 3: 
PAKM AT2 top exit valve, 4: ISTAC digester (pool 1), 5: ISKI digester 
(pool 2), 6: ISTAC nitrification buffer, 7: ISTAC denitrification pool 
(middle) 
 
Producing archaeal 16S rDNA PCR products  
Cloning products are used for screening archaeal diversity.  Efficiency of PCR 
affects cloning success, therefore low band profiles were not used for cloning 
reactions (Figure 4.18). 
 
 
Figure 4.18: Agarose gel electrophoresis photos of archaeal 16S rDNA PCR results. 
1: ISTAC nanofiltration 2: ISTAC ultrafiltration 3: PAKM AT2 top exit 
valve, 4: sunflower oil WWTP 5: PAKM AT1 bottom exit valve, 6: 
PAKM AT2 top exit valve, 7: ISTAC digester (pool 1), 8: ISKI digester 
(pool 2), 9: ISTAC nitrification buffer 
 
4.4.2 Screening cloning efficiency 
In order to screen cloning success, clones are either isolated using plasmid extraction 
kit, or used as a template for in situ PCR. Successful inserts are used for sequencing 
and nucleotide analyses. 
Plasmid isolation 
Cloning products have bacterial 16S rDNA inserts are isolated using QIAgen 
plasmid isolation kit; later plasmids were cut using EcoRI and run on a 1% w/v 
agarose gel to screen for transformation success (Figure 4.19).   
 
xcvi
 
Figure 4.19: 1% w/v agarose gel image of EcoRI enzyme cut of plasmids 
 
Screening diversity 
Isolated plasmids are used as a template for GC-clamped bacterial16S rDNA PCR 
amplification (Figure 4.20) and analyzed on DGGE (Figure 4.21). Different inserts 
are later sequenced for phylogenetic analyses.   
 
 
Figure 4.20: GC-clamped bacterial 16S rDNA PCR products 1% w/v agarose gel 
image  
 
 
Figure 4.21: DGGE analyses of bacterial 16S rDNA products of ISTAC nitrification 
reactor,  1% w/v agarose gel image  
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In-situ PCR 
Ammonia-oxidizing archaea clones were tested for transformation efficiency by in-
situ PCR. No plasmid isolation was made, and cells were used as a template in PCR 
amplifications. In- situ PCR products were run on 1% w/v agarose gel 
electrophoresis (Figure 4.22) and later sequenced for nucleotide analyses. AOA 
clones were sequenced in order to confirm archaeal amoA PCR results. 
 
 
 
Figure 4.22: 1% w/v agarose gel image of GC-clamped bacterial 16S rDNA PCR 
products  
4.5 Sequencing 
Archaeal 16S rDNA sequences  
AOA positive controls were sequenced for nucleotide analyses of to confirm that 
PCRs are working efficiently and do not amplify unspecific regions (Table 4.7).  
Table 4.7: Blast analyis result of AOA positive PCR product 
Blast analysis result 
LOCUS: EU590265, 636 bp DNA linear ENV 06-JUL-2008 
Definition: Uncultured Ammonia-oxidizing archaea clone, BGA-41 ammonia 
monooxygenase subunit A (amoA) gene  
Organism: Uncultured AOA, GDNA 
Isolation location: Soil, environmental sample 
 
4.6 AOA Enrichment culture 
Three different enrichment cultures (Nitrosopumilus maritimus, strain v and strain 
123) were incubated in different ammonium concentrations (1mM, 3mM, 5mM, 
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10mM and 20mM). Growth was monitored by phase contrast and epifluorescence 
microscopy, quantitative PCR and nitrite production. 
4.6.1 Microscopy 
Phase contrast microscopy 
Phase contrast images of enrichment cultures in identical fields were screened during 
incubation.  
Strain v.  
A chemolithoautotrophic nitrifier of the domain Archaea, appearing as coccid with a 
length of 0.5-0.9 µm. Figure 4.23 shows enrichment strain v cell growth during 
15days in 1 mM ammonium concentrations. Cells occurred individually or loose 
aggregates. Flagella was not apparent by phase contrast microscopy. No 
contaminations were observed. 
 (a) 
(b) 
Figure 4.23: Phase contrast image of AOA enrichment culture (strain v) (a) day0; 
(b) day 15. Scale bar presents 10 µm. 
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Epifluorescence microscopy 
Epifluorescence microscopic images are shown at Figure 4.24. Cell growth is 
observed during incubation period. Cells occurred individually or loose aggregates. 
 
 
 
Figure 4.24:100x epiflurosence images of enrichment cultures. (a)Day 0 N. 
maritimus, (b) day 15 N. maritimus (c) day 15 enrichment culture strain 
v.  
 
4.6.2 Colorimetric assays (Nitrite measurements) 
Three different AOA enrichment cultures were incubated in different ammonium 
concentrations. Their growth was measured spectrophotometrically at day points 
listed below.  Ammonia is converted to nitrite by AOA. Growth of cells is correlated 
with near-stoichiometric conversion of ammonia to nitrite.  
NH3 + 1.5O2              NO2
-+ H2O +H
+ (∆G0 = - 235kj mol-1) 
Nitrite is measured at day points: 0, 4, 6, 8, 11, 13, 15, 20, 33 and 35. Standard 
deviations were calculated shown in figures. 
 
 
 
c
AOA (strain v) enrichment results 
Five different ammonium concentrations were tested (1mM, 3mM, 5mM, 10mM, 
and 20mM). Cells of Enrichment strain v grow faster at 1mM ammonium 
concentrations whereas 20 mM of ammonium concentrations inhibit cell growth. 
Cells also grow at 3mM and 5mM ammonium concentrations, but unable to consume 
all ammonia and with a relatively slower growth rate.   
At 3mM ammonium concentration up to 2.9 mM nitrite is produced; at 5mM 
ammonium concentration up to 3.5 mM nitrite is produced. 
10mM ammonia concentrations greatly retard cell growth. Only 8% of ammonia is 
consumed during 35 days of incubation period.  
All results are shown at Figure 4.25. 
AOA (Nitrosopumilus maritimus) enrichment results 
Five different ammonium concentrations were tested (1mM, 3mM, 5mM, 10mM, 
and 20mM). Cells of N. maritimus grow faster at 1mM ammonium concentrations 
whereas 20 mM of ammonium concentrations inhibit cell growth. 
Cells also grow at 3mM and 5mM ammonium concentrations, but unable to consume 
all ammonia and with a relatively slower growth rate.   
At 3mM ammonium concentration up to 2.5 mM nitrite is produced; at 5mM 
ammonium concentration up to 3.8 mM nitrite is produced. 
10mM ammonia concentrations greatly retard cell growth. Only ~9% of ammonia is 
consumed during 35 days of incubation period.  
All results are shown at Figure 4.26. 
AOA (strain 123) enrichment results 
Five different ammonium concentrations were tested (1mM, 3mM, 5mM, 10mM, 
and 20mM). Cells of Enrichment strain 123 grow fast at 1mM, 3mM and 5mM 
ammonium concentrations whereas 20 mM of ammonium concentrations inhibit cell 
growth.  
At 1 mM and 3 mM ammonia concentrations nearly all ammonia is converted to 
nitrite. At 5 mM ammonia concentrations ~3.5 mM of nitrite is produced. 
10mM ammonia concentrations greatly retard cell growth. Only ~8% of ammonia is 
consumed during 35 days of incubation period.  
All results are shown at Figure 4.27. 
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Conclusion 
Enrichment N. maritimus adapts best to cultivation conditions and grows faster at 
1mM, 3mM and 5mM ammonia concentrations than Enrichment strain v and 
Enrichment strain 123. Enrichment strain v grows more slowly in all ammonia 
concentrations compared to other enrichment cultures. 
Although AOA enrichment cultures that had been cultivated during this study have 
respectively different cell growth rates; final nitrite production values have high 
similarities. 10mM ammonia concentrations greatly retard all three AOA enrichment 
culture growths and only ~8% of ammonia is consumed; whereas 20mM ammonia 
concentrations inhibit growth of all enrichment cultures. 
It is clear that AOA grows best at 1mM to 3mM ammonia concentrations. AOA also 
grows around 5mM ammonia concentrations; up to ~60% of ammonia is consumed 
and cell growth is monitored, yet with respectively slower growth rate than at 1mM 
and 5mM concentrations.  
Enrichment strain v and Enrichment strain 123 are soil archaeon whereas N. 
maritimus is a marine archaeon; therefore our results indicate that both marine and 
soil AOA has similar response to different ammonia concentrations and cell growth 
is monitored best at ~1mM. Best growing conditions of AOA from other different 
environmental sources yet shall be studied.  
 
 
Figure 4.25: Near-stoichiometric conversion of ammonia to nitrite by AOA strain v. 
Growth of AOA (strain v) enrichment culture (~96%) in Archaeal 
Enrichment Media containing ammonium chloride and bicarbonate as 
sole energy and carbon sources, respectively. Nitrite production was 
determined in triplicate as described. 
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Figure 4.26: Near-stoichiometric conversion of ammonia to nitrite by AOA 
Nitrosopumilus maritimus. Growth of Nitrosopumilus maritimus 
enrichment culture (~98%) in Synthetic Crenarchaeota Media 
containing ammonium chloride and bicarbonate as sole energy and 
carbon sources, respectively. Nitrite production was determined in 
triplicate as described. 
 
 
Figure 4.27: Near-stoichiometric conversion of ammonia to nitrite by AOA strain 
123. Growth of AOA (strain 123) enrichment culture (~96%) in 
Archaeal Enrichment Media containing ammonium chloride and 
bicarbonate as sole energy and carbon sources, respectively. Nitrite 
production was determined in triplicate as described. 
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4.6.3 Quantitative polymerase chain reaction (QPCR) 
Enrichment culture N. maritimus  
Archaeal amoA gene was used quantified using QPCR. SYBR green chemistry is 
used therefore melting curve analyses are applied at the end of each QPCR analysis 
(Figure 4.28).  
N. maritimus clone is used for creating QPCR standards (108-101). Abundance of 
AOA in enrichment cultures were analyzed from two independent replicates of 
enrichment culture N. maritimus.  Archaeal amoA copy numbers (copies ml/culture) 
of archaeal cells grown under 1mM (Figure 4.29) and 3mM (Figure 4.30) ammonium 
concentrations are given below. Figure 4.31 shows the results of archaeal amoA copy 
numbers (copies ml/culture) of 1mM and 3mM results together. 
Samples are tested for archaeal amoA copy number for days 0, 5 and 15. There is no 
amplification for negative controls (replicates) in amplification and melting curve 
graphs. In addition melting curve analyses indicate that there is no unspecific 
amplification. QPCR efficiency is 90%. 
After 15 days of incubation maximal density is screened by QPCR as 1.00 x 10 
7cells/ml at 28oC in defined medium containing 1mM ammonium; and 2.05 x 10 
7cells/ml at 28oC in defined medium containing 3mM ammonium. 
 
 
(a)                                                             (b) 
Figure 4.28 : QPCR analysis of growth of enrichment culture N. maritimus in 1mM 
and 3mM ammonium concentrations during 15 days of incubation. 
(a): QPCR standard amplification curve. (b): QPCR melting curve 
analysis 
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Figure 4.29: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture N. maritimus (replicate) during 15 days incubation period in 1 
mM ammonium concentrations. The samples were taken at day 0, day 
5, and day 15; enrichment cells grew to a maximal density of 1.00 x 
107 cells ml-1. 
 
 
 
Figure 4.30: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture N. maritimus (replicate) during 15 days incubation period in 3 
mM ammonium concentrations. The samples were taken at day 0, day 
5, and day 15; enrichment cells grew to a maximal density of 2.05 x 
107 cells ml-1. 
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Figure 4.31: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture N. maritimus (replicate) during 15 days incubation period in 1 
and 3 mM ammonium concentrations. The samples were taken at 
day0, day 5, and day 15. 
 
Enrichment culture Strain v.  
Archaeal amoA gene was used quantified using QPCR. SYBR green chemistry is 
used therefore melting curve analyses are applied at the end of each QPCR analysis 
(Figure 4.32).  
N. maritimus clone is used for creating QPCR standards (108-101). Abundance of 
AOA in enrichment cultures were analyzed from two independent replicates of 
enrichment culture strain v. Archaeal amoA copy numbers (copies ml/culture) of 
archaeal cells grown under 1mM (Figure 4.33) and 3mM (Figure 4.34) ammonium 
concentrations are given below. Figure 4.34 shows the results of archaeal amoA copy 
numbers (copies ml/culture) of 1mM and 3mM results together. 
Samples are tested for archaeal amoA copy number for days 0, 5 and 15. There is no 
amplification for negative controls (replicates) in amplification and melting curve 
graphs. In addition melting curve analyses indicate that there is no unspecific 
amplification. QPCR efficiency is 92%. 
After 15 days of incubation maximal density is screened by QPCR as 9.79 x 10 6cells 
ml-1 at 37oC in defined medium containing 1mM ammonium; and 1.17 x 10 7cells ml-
1 at 37oC in defined medium containing 3mM ammonium. 
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(a)                                                             (b) 
Figure 4. 32: QPCR analysis of growth of enrichment culture N. maritimus in 1mM 
and 3mM ammonium concentrations during 15 days of incubation. 
(a): QPCR standard amplification curve. (b): QPCR melting curve 
analysis. 
 
 
 
Figure 4.33: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture strain v. (replicate) during 15 days incubation period in 1 mM 
ammonium concentrations. The samples were taken at day0, day 5, 
and day 15; enrichment cells grew to a maximal density of 9.79 x 106 
cells ml-1. 
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Figure 4.34: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture strain v. (replicate) during 15 days incubation period in 3 mM 
ammonium concentrations. The samples were taken at day0, day 5, and 
day 15; enrichment cells grew to a maximal density of 1.17 x 107 cells 
ml-1. 
 
 
 
 
 
 
 
Figure 4.35: Quantitative PCR reults of amoA gene copy numbers of enrichment 
culture strain v. (replicate) during 15 days incubation period in 1 and 3 
mM ammonium concentrations. The samples were taken at day0, day 5, 
and day 15. 
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5. CONCLUSION 
The occurrence and abundance of Ammonia Oxidizing Archaea (AOA) in 
wastewater treatment plants (WWTPs) and various environmental samples were 
studied during this project.  
Various environmental samples from different ecosystems (soil/terrestrial 
ecosystems, thermal/hot springs, and estuarine/tropical aquarium/ sediment systems) 
and 16 active sludge samples from both domestic and industrial WWTPs (petroleum 
and oil refineries; food, alcohol and chemical industries and landfill leachate 
treatment plant) were collected and screened for archaeal amoA gene occurrence. 
We confirm the presence of archaeal amoA gene occurrence in all environmental 
sampling locations. These data indicate that AOA is versatile and adapted to a broad 
range of growth (soil/fresh water/hot and thermal springs/tropical aquarium), 
temperature (6oC-97oC) and pH conditions (2-7.3).  
In addition, three AOA enrichment cultures (a marine ammonia oxidizing archaeon 
and two soil ammonia oxidizer archaeons) were incubated to test best growing 
conditions for AOA under different ammonia (NH3) concentrations (1mM, 3mM, 
5mM, 10mM and 20mM ). AOA grows best at ~1mM ammonia concentration. Cell 
growth is greatly retarded at ~10mM and inhibited at ~20 mM ammonia 
concentrations.   
We report that there is no molecular evidence on AOA abundance in WWTPs out of 
16 different active sludge samples. Considering AOA grows most efficiently at 
~1mM (~25mg N/L) ammonium concentrations. Landfill leachate treatment plant 
contains 100 to 200mM (~2500 mg N/L) ammonium, which is considered as very 
high for the reactor to harbor AOA. Other reactors ranging from crude oil refinery to 
brewery contain 0.2 to 0.8 mM (~5 mg N/L) ammonium, which is very low. Also, 
sludge retention times (SRT) of the reactors which are screened are either too high or 
too low for AOA to grow efficiently. it has been confirmed that conventional 
parameters such as NH3 concentration can be a good tool to predict AOA occurrence 
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and activity in engineered systems. As a result, AOA are not abundant in engineered 
systems as it is expected. 
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APPENDIX A 
Laboratory Equipment 
MOBGAM, Istanbul Technical University 
Pipettes                                          Eppendorf  2.5 µl, 10 µl, 20 µl, 100 µl, 1000 µl  
pH meter                                        Mettler Toledo MP220 
Pure water systems                       USF Elga UHQ-PS-MK3, Elga 
labwater       
Centrifuges                                    Sigma 1-14                         
PCR Thermocycler                       BIORAD C1000 thermal cycler  
Balances                                         Precisa BJ610, OHAUS pioneer 
Water Bath                                    Memmert 
DGGE system                                BIORAD DCODE universal mutation system 
Electrophoresis system                 BIORAD mini sub cell GT 
Gel documentation system           BIORAD GELDOC 
Vortex                                             Heidolph reax top 
Autoclave                                       TOMY SX-700E 
DRY heating thermostat block    BIO TDB 100, BIOSAN 
Power supply                                 BIORAD power pac 300 
Incubators                                     Nüve EN120 
Refrigerators                                 Whirlpool +4oC, -20oC, Vestel -20oC; Haier -80oC 
Laminar flow                                Faster BH-EN 2003 
The FastPrep instrument             Q-BIOgene, FP220A 
Magnetic stirrer, heater                Heidolph MR hei-standard 
Microwave oven                            Vestel MD17 
Genetics in Ecology group, University of Vienna  
QPCR Thermocycler                      Eppendorf MP realplex 
Microplate Spectrophotometer    Infinite M200, Tecan AG 
Centrifuge                                       Sorvall Evolution RC, Eppendorf 5424, micro 
Electrophoresis system                  BIORAD mini sub cell GT 
Power supply                                  BIORAD power pac 300 
Laminar flow                                  Faster BH-EN 2003 
PCR thermocycler                         Montreal Biotech inc, Tprofessional             
Incubators                                       Nüve EN120 
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APPENDIX B 
Chemicals 
LB Broth powder                                                                       Sigma-Aldrich 
SOC Broth BioChemika, for microbiology                                Fluka 
40%ACRYLAMIDE/BIS SOLUTION 37.5:1                          BIORAD 
Formamide deionized solution                                                   Sigma-Aldrich 
LB base              Invitrogen 
UREA                                                                                          Fluka 
NaOH                                                                                          Reidel-de Haën 
Sodium Acetate Anhydrous                                                        Sigma-Aldrich 
Pottassium Hydrogen phosphate                                                 J.T. Baker 
Ethyl alcohol absolute                                                                 Sigma-Aldrich 
EDTA molecular biology reagent                                               Sigma-Aldrich 
TRIS-HCl                                                                                    Sigma-Aldrich 
Sodium Phosphate, Monobasic                                                    Sigma-Aldrich 
Ammonium Persulfate                                                                 Sigma-Aldrich 
Acetic acid extra pure %99.5                                                       Sigma-Aldrich 
taq polymerase                                                                             INTRON 
Hot start taq polymerase                                                              Qiagen 
primers                                                                                          iontek 
TEMED                                                                                        Biorad 
SYBR green Super mix                                                                Biorad 
InhibitEx Tablets                                                                          Qiagen 
NaHCO3                                                                                       Fluka 
KH2PO4                                                                                                                                    Fluka 
PEG8000                                                                                      J.T. Baker 
NaCl                                                                                             J.T. Baker 
NaOH                                                                                           Fluka 
BSA                                                                                              Sigma-Aldrich 
Q-solution                                                                                     Qiagen 
DMSO                                                                                          Sigma-Aldrich 
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APPENDIX C  
Solutions and buffers 
Sulfanilamide/NED reagent 
- 150 ml Ortho phosphoric acid to 700ml H2O 
- 10g Sulfanilamide 
- 0.5g α-Naphtyethylendiamindihydrochloride 
- Fill to 1L 
HEPES buffer (1 M HEPES, 0.6 M NaOH) 
- 119.2 g HEPES(free acid)  
- 12.0 g NaOH  
- Fill to 500 ml H2O 
Sodium Bicarbonate 1M 
- 8.4 g NaHCO3 
- Fill to 100 ml H2O 
KH2PO4 solution (2.93 mM) 
- 0.4 g KH2PO4 
- Dissolve in 1 L MilliQ water 
FeNaEDTA solution (7.5 mM) 
- 2753 mg FeNaEDTA 
- Fill upto 1L with MilliQ water 
PEG solution 
- 1.6 M NaCl 
- 30% PEG 6000 or 8000 
SDS Extraction Buffer 
- 0.7 M NaCl 
- 0.1 M Na2(SO3) 
- 0.1 M Tris/HCl (pH 7.5) 
- 0.05 M EDTA (pH 8) 
- 1% SDS 
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Modified Non-chelated trace element mixture 
- 987 ml of distilled H2O   
- 8 ml HCl (conc. ~12.5M)  (100 mM) 
- 30 mg H3BO3    (0.50 mM) 
- 100 mg MnCl2 4H2O   (0.50 mM) 
- 190 mg CoCl2 6H2O   (0.80 mM) 
- 24 mg NiCl2 6H2O   (0.10 mM) 
- 2 mg CuCl2 2H2O (0.01 mM) 
- 144 mg ZnSO4 7H2O                         (0.50 mM) 
- 36 mg Na2MoO4 2H2O  (0.15 mM) 
 
5% CTAB/Phosphate Buffer (120mM, pH 8) Mix 1:1, solutions A and B 
Solution A: 10% CTAB in 0.7M NaCl (100 ml)  
- NaCl                                                 4.09 g 
- CTAB                                                  10 g 
- Up to 100 ml with dH2O 
Solution B: 240 mM Phosphate buffer pH 8 (100 ml) 
- 1M K2HPO4                                                                       22.56 ml  
- 1M KH2PO4                                                                   1.44 ml   
- Up to 100 ml with dH2O 
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APPENDIX D 
Soil Textural Triangle  
 
Figure A.1: Soil Textural Triangle. This diagram shows the approximate 
percentages of sand, silt, and clay in the soil, according to how the soil feels in your 
hands [He, J et al., 2007] 
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